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Key points

This chapter provides a summary about recent studies on the charge transfer at liquid–solid CE. Besides ion transfer at the
interface that is set for decades, electron transfer is found to play a dominant role in some cases.

• A series of experiments with different observation techniques in both microscale and large scale have been systematical
introduced to clarify the mechanism of electron transfer at liquid–solid interface.

• Based on existing studies, the formation of electric double-layer (EDL) is revisited owing to the contribution from electron
transfer in liquid–solid CE, and a hybrid EDL model with a two-step formation process is proposed, in which both electron
transfer and ion adsorption are taken into consideration.

• The applications of CE at liquid–solid interface using the TENG as an energy harvester, sensor, chemical reactor and so on,
are systematically summarized.

• The impacts of electron transfer and the hybrid EDL model on the applications of electrochemistry storage, interfacial
reaction, EDL electronics and many other research fields that relate to liquid–solid charge transfer are further discussed.

Abstract

The liquid–solid (L-S) interface is one of the most important surface sciences subject in chemistry, catalysis, energy provision
and even biology. The formation of an electric double-layer (EDL) at the L-S interface is thought to be due to the adsorption
of a layer of ions on the solid surface, resulting in the redistribution of ions in the liquid. Although the existence of a layer of
charge on a solid surface has always been assumed, the source of the charge has not been widely explored. Recent studies of
contact electrochemistry (CE) between liquids and solids have shown that electron transfer plays a dominant role in the
initial stage of charge layer formation at the L-S interface. Here, we review recent studies on electron transfer in liquid–solid
CE, including liquid-insulator, liquid-semiconductor, and liquid-metal scenarios. Considering the existence of electron
transfer on the L-S interface, we reconsider the formation of EDL. In addition, a liquid–solid CE based triboelectric nano-
generator (TENG) technique is introduced, which can be used not only to obtain mechanical energy from liquid, but also as
a probe to detect charge transfer at liquid–solid interface.

*These authors contributed equally to this review.
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Introduction

CE (contact electrification) is the scientific term of triboelectrification, which is a conjunction of fractioning and CE. The nature of
transferred charges in CE for solid materials have been debated for decades being electrons,1–4 ions5–8 and even materials
species,9–11 without a conclusive result. Recently, charge transfer at solid–solid CE is determined to be dominated by electron transfer
by using Kelvin probe forcemicroscopy (KPFM) and thin-film studying using triboelectric nanogenerator (TENG).12–14 Related physics
models have been proposed for cases such as dielectric–dielectric and metal–dielectric interfaces. CE can occur at almost all solid–
solid,15–19 liquid–solid20–23 and liquid–liquid24–26 interfaces, and may also occur at solid–gas and liquid–gas interfaces (Fig. 1).

Charge transfer at liquid–solid interface is a topic of broad interest in chemistry, especially in electrochemistry,27–32 catalysis33–37

etc. Many physical and biological phenomena are also related to charge transfer at the liquid–solid interface, such as electrowet-
ting,38–41 colloidal suspension,42–45 photovoltaic effect,46–49 photosynthesis50–52 etc. The fundamental sciences related to studies
in above fields have been developed for decades, but are mainly focused on some specific liquid–solid interface systems, such as
TiO2-water interface, which is one of the key topics in water splitting.53–55 On the contrary, liquid–solid CE concerns almost all
liquid–solid interfaces. Therefore, it is of general significance to understand the charge transfer at liquid–solid interface from the
view of liquid–solid CE. When it comes to the liquid–solid CE, there are two basic issues. A core problem in liquid–solid CE is
the identity of the charge carriers, and the other is the formation of the EDL.56 In the studies about electrochemistry,57,58 catalysis59

and colloidal suspension,60,61 the identity of the charge carriers and formation of the EDL are important. It was suggested that the
charge transfer at liquid–solid interface may be due to adsorption of ions from the liquid on the solid surface,62,63 or the electron
transfer from liquid side to the solid side, which is accompanied by chemical reactions.64–66 Electron transfer is generally considered
when the solid is a conductor or semiconductor. And the adsorption of ions is traditionally considered to be responsible for the
generation of charge transfer at the liquid–solid interface when the solid is an insulator. For the EDL, traditional studies focused
on the distribution of ions and the structure of water molecules on the liquid side,67–69 and the fundamental study of the identity
of the charge carriers on the solid surface of the EDL is a forgotten corner in general chemistry.

In the history of CE research,most studies focused on the solid–solid condition, and did not pay attention to liquid–solid CE.70–75

Therefore, the mechanism of liquid–solid coupling is more mysterious than that of solid coupling. In the 1980s, CE between liquid
metal and solid insulator was studied, which was one of the early works on liquid–solid CE.76 In the 1990s, Matsui and Yatsuzuka
et al. studied the electrochemical phenomenon between water droplets and the surface of an insulator.77–79 Studies have shown that
water droplets are always positively charged when they slide over surfaces of insulators such as PTFE and resins. In addition, Burgo
et al. quantified the position of water in the three-power series in 2016.80 In the above work, the adsorption of water to anions on the
surface of the insulator is considered to be the cause of contact charging between water and the insulator. In fact, once water is
involved in CE, even in solid–solid CE, ion transfer is always assumed to be responsible for CE,6,81,82 but there is no solid evidence.

Unlike solid-state CE, the identity of charge carriers in liquid–solid CE is assumed to be ions due to solution involvement, but
this basic assumption in liquid–solid CE has not even been experimentally verified. However, due to the invention of liquid–solid
nanogenerators (L-S TENGs), detailed studies have recently been carried out.83–94 L-S TENGs were developed based on the conver-
sion of mechanical energy into electrical energy by the charge effect on liquid and solids, rekindling researchers’ interest in charge on
liquid and solids. Recently, the properties of charge carriers in liquid–solid CE have been re-examined.95–97 Liquid-solid CE has
been studied at the nanoscale and macro scale. Data show that both electron and ion transfer occur in liquid–solid CE, and electron
transfer may even play a dominant role in some cases. The key to distinguishing the transferred charge from that of an ion or elec-
tron can be accomplished by two methods: temperature-induced electron thermionic emission13,98; And UV-induced electron

Fig. 1 Schematic of the contact electrification between different phases. CE can occur at almost all solid–solid, liquid–solid and liquid–liquid
interfaces, and may also at solid–gas and liquid–gas interfaces.
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emission,14 simply because neither method can release adsorbed ions on the surface if the temperature is moderate. In experiments,
we found that the charge on the solid surface generated by liquid–solid CE can be emitted by thermal excitation, which means that
electron transfer does exist in liquid–solid CE.95 It has been calculated that the number of ions in deionized water (DI water) is
insufficient to produce the observed charge density in liquid–solid CE.96 Based on electron transfer in liquid–solid CE, Wang
et al. first proposed a “two-step” model for EDL formation, in which electron transfer plays a leading role in the first step.56

In summary, liquid–solid CE was not sufficiently discussed in early studies, and the charge carrier in liquid–solid CE was consid-
ered to be ion, and electron transfer was not even considered. The mechanism of liquid–solid CE has recently been re-examined due
to the invention of L-S TENG. It has been proposed that electron transfer exists in liquid–solid CE. In addition, a ”two-step“model
has been proposed in which electron transfer between liquid molecules and solid surface atoms is the first step, followed by ion
transfer due to electron interactions.56 The two-step model provides a new way to understand the formation of EDL, which could
have major implications for basic chemistry and even biology.

The typical electric double-layer model

The EDL model is often used to describe the charges and potential distribution at the liquid–solid interface, which is a core topic in
electrochemistry. Helmholtz99 was the first to propose the notion of EDL, discovering that at the electrode/electrolyte interface, two
layers of opposite charges formed with minimal space. The conception was then revised by Gouy and Chapman,100,101 who sug-
gested that the ions are spread in a thin layer region rather than being tightly bonded on the solid surface. Stern102 integrated the
Helmholtz and Gouy–Chapman models in 1924 and proposed the concept of two distinct charge regions: the Stern layer and the
diffuse layer, as depicted in Fig. 2A. The Stern layer (SL) is comprised of the ions (usually hydrated) firmly adsorbed on the charged
electrode, and the diffuse layer (DL) is relevant to the density of ions (with opposite polarity to that of the electrode), which dimin-
ishes with distance away from the surface. The Gouy–Chapman–Stern EDL model has been broadly taken on in many fields,
covering electrolyte capacitor,103 electrochemistry reaction,104 capacitive deionization,105,106 electric twofold layer transistor,107

and electrowetting.108,109 As is shown in Fig. 2A, the EDL is triggered by an external field applied to the electrode, and the EDL
formation on the surface of pre-charged insulators is comparable to that on the electrode with the applied field. Meanwhile,
when entering the double layer, the ions with weaker solvation shells usually give away part of their solvation shells and only
some solvated ions with a strong solvation shell (such as fluoride) can be held in position by purely electrostatic forces
(Fig. 2A). According to traditional EDL theory,109 the chemical interaction between half-solvated anions and the electrode surface
can produce additional charges on the electrode, followed by the countercharge being attracted to the bilayer for charge compen-
sation. In addition, the EDL can also be formed in this case for solid materials with abundant chemical groups by ionization or
dissociation reactions between the solid surface and the liquid. An example is shown in Fig. 2B, carbon materials with carboxyl
groups (-COOH) can attract counterions decorated with ionization-rich groups (e.g., -COO-). Such EDL pictures are commonly
used in colloidal science,110 cell biology, and capacitive mixing.111,112

Contact electrification at liquid–solid interface

Liquid-dielectric contact electrification

The decay of three charges on the surface of an insulator caused by thermionic emission has proved to be a method for differen-
tiating electron and ion transfer in solid–solid CE.13,98 Based on thermionic emission theory, Lin et al. designed a nanoscale charge
decay experiment using Kelvin probe force microscopy (KPFM) to quantify electron and ion transfer between aqueous solution and

cationanion solvent molecule 

Adsorbed
cation

Power
source Stern

layer
Diffuse
layer

+

+

+

+

+

+
+

−

+
+

Adsorbed
anion

Stern
Layer

Diffuse
Layer

+
+

+

+

+

+

+

+ −

+
+

Ionized
group

Conductor Ionized solid

−

Adsorbed
cation

−

−

−

−

+

+

− −

−

Fig. 2 Typical EDL model. (A) EDL on the electrode surface (B) EDL on the ionized solid surface. The ion distribution near the surface can be
divided into stern layer and diffuse layer.
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insulator.95 In the experiment, the initial surface charge density of the insulator sample, such as SiO2, Si3N4, MgO, was measured by
using KPFM. The water-based droplets then slide over the surface of the insulator, in the process transferring electric charge from the
liquid to the surface of the insulator. As shown in Fig. 3A, the charge on the surface of the insulator generated in liquid–solid CE
may be electrons or ions. Ions are produced by ionization reactions on oxide and nitride surfaces.113–117 After CE, the insulator
sample is heated to a certain temperature (e.g., 513 K), and according to the thermionic emission theory in CE, electrons will be
thermically excited and emitted from the insulator surface, as shown in Fig. 3B. But in the case of ions, they form covalent bonds
with atoms on the surface of the insulator, which is equivalent to chemisorption rather than physical adsorption. For chemisorption
of ions on solid surfaces, such as OH� and Hþ on SiO2 surface, the energy threshold of OH� removal from SiO2 surface is about
8.5 eV,118 while the energy threshold of Hþ removal is about 20 eV.119 Therefore, the chemical ions adsorbed on the surface are
quite difficult to remove from the surface at moderate temperatures.

Fig. 3C shows the results of the charging and heating cycle tests. SiO2’s initial surface charge density is close to zero. When it
comes into contact with deionized water, the negative charge is transferred from the deionized water to the SiO2 surface. During
the heating process (at 513 K and held for 10 min), the surface charge density decreases due to electron thermorelease. In the first
cycle, we note that some charges cannot be removed from the surface (“sticky” charges), which can be identified as the ions
produced at the surface in liquid–solid CE. As the flow circulates, the density of the “sticky” charge increases, eventually reaching
saturation. This is because the available charge positions on the surface of an insulator are limited given the breakdown field. When
an ion is attached to a surface, an available charge location is permanently occupied. In the next cycle of contact charging with
deionized water, both electrons and ions are transferred to the surface, but the number of transferred electrons is reduced by the
number of available charge locations. Therefore, the movable charge on the insulator surface decreases as the test period increases.
Although ions accumulate on the surface, electron transfer dominates the CE between the original SiO2 surface and the deionized
water on first contact, with a ratio of more than 3.4.

Fig. 3 Temperature effect on the contact electrification between DI water and SiO2.95 (A) The setup of the contact charge experiment. (B) The setup
of AFM platform for the thermionic emission experiments. (C) The charge density on the SiO2 surface in the charging and heating cycle tests.
Reproduced with permission from Ref. 95, Copyright 2020 Nature spring.
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Fig. 4 shows the effect of temperature on CE between DI water and different insulators. It is found that the charge density on the
surface of the insulator decays exponentially, which is consistent with thermionic emission theory. For some materials, the surface
charge density becomes corrected, which means that the solid receives electrons in CE (Fig. 4A and C). Some solids accept holes,
such as Si3N4, HfO2, Al2O3 and AlN. It is easy to understand that at high temperatures the negative charge density (SiO2) or positive
charge density (Si3N4, HfO2) decreases over time. This is because the negative charges on a solid surface are electrons and negative
ions, while the positive charges are holes and positive ions. Electrons and holes are emitted at high temperatures, causing a decay in
the surface charge density. Surprisingly, the charge density on some materials, such as magnesium oxide and Al2O3, increases with
decay time, meaning that solids in contact with deionized water can receive both electrons and positive ions (magnesium oxide), or
both holes and negative ions (Al2O3). These results imply that electron and ion transfer are independent of each other in liquid–
solid CE. In addition, electrons and ions produced in liquid–solid CE may be isolated in different surface regions.

In addition to KPFM, many other experimental methods have been applied to study CE at the liquid–solid interface, and TENG
is one of the powerful techniques in this regard. Nie et al. designed an extruding system to elucidate the electrochemical properties
between liquids and solids. Polytetrafluorethylene (PTFE) membranes are used as solids because they are fairly stable to acid or base
solutions.96 The droplets are positioned between two FTO-PTFE substrates, and the extrusion motion of the substrate is precisely
controlled by a linear motor. The detailed extrusion process of DI water droplets is shown in Fig. 5A. The water distributed evenly
and finally turned into a thin liquid film, resulting in a large contact area between the liquid and PTFE film. After the contact sepa-
ration process, an electric meter can be used to measure the amount of charge on the DI droplet (50 mL), as shown in Fig. 5B. As the
contact area increases, so does the amount of induced charge on the droplet. To determine the contribution of electron transfer and
ion adsorption, simple calculations were performed according to the pure ion adsorption model, also seen in Fig. 5B. At the liquid–
solid interface, the ionic diffusion thickness is estimated to be�20 nm. In general, this diffusion region of hydroxide ions is usually
from a few angstroms to tens of angstroms.120,121 In addition, the contact period between PTFE and droplets is controlled to be less
than 2 s, which is insufficient for the diffusion of free ions in deeper regions. Ideally, a value of 20 nm is an ideal value that

Fig. 4 Temperature effect on the contact electrification between DI water and different insulator surfaces.95 (A) MgO, (B) Si3N4, (C) SiO2, (D) HfO2,
(E) Al2O3 and (F) AlN. As for ion adsorption, both physical adsorption and chemical adsorption are possible, and they can be quantified using the
method introduced by Lin et al. Reproduced with permission from Ref. 95, Copyright 2020 Nature spring.
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maximizes the likelihood of ion adsorption. Many inhibitory factors, such as the inhibitory effect of hydrogen ions (Hþ), were
ignored in the calculations. A comparison of experimental and computational results in Fig. 5B suggests that the ion transfer process
may provide as little as 10% of the total charge. Therefore, the electron transfer process must be considered in the CE process
between water and PTFE.

In order to verify the possible ion adsorption on PTFE surface, a solid state 1H nuclear magnetic resonance (NMR) spectrometer
was used to measure the change of element H after CE, as shown in Fig. 5C. In all five spectra, the same peak signal appeared at the
same location (about 0.7 PPM), which was related to the primary alcohol ethoxylates (AEO, RO (CH2CH2O) nH) in the PTFE
dispersion. The 1H signal of water appears around 4.8 PPM.122 After contact with deionized water, NaCl solution and NaOH solu-
tion, the 1H NMR signal has a similar peak value. However, the amount of charge transfer after contact with deionized water is
much larger than that with NaCl solution and NaOH solution,96 indicating that the ion adsorption model cannot fully explain
CE between water and PTFE. At the same time, the signal of PTFE in contact with HCl solution showed a large peak value near

Fig. 5 A squeezing system for studying the liquid–solid contact electrification.96 (A) squeezing-recovering process of a droplet, (B) The amount of
charges on deionized water (50 mL) after contacting with PTFE membrane and the theoretically calculation based on ion transfer model. Here, the
experimental result is 10 times larger than calculated value. (C) 1H nuclear magnetic resonance spectrum of PTFE. Insert: 1H NMR spectrum of HCL
solution (5 mol L�1). (D) CE induced charge generation between water (HCl) and PTFE film. Reproduced with permission from Ref. 96. Copyright
2020 Wiley.
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6.2 ppm, which was caused by the chemical shift relative to water, which was also related to the large amount of Hþ ions adsorbed
on the surface. When the acid solution contacted PTFE, electron transfer and hydrogen ion adsorption occurred simultaneously, but
the high concentration of hydrogen ions adsorbed on the SURFACE of PTFE inhibited the electron transfer between water molecules
and PTFE. These NMR spectra agree well with the model presented in Fig. 5D.

Zhan et al. designed a sliding type TENG to study electron transfer at the polymer–liquid interface, as shown in Fig. 6A, which can
further reveal the dynamic interaction between droplet and solid surface.97 Here, PTFE films are also used for contact electrochem-
istry, where water droplets can easily slide off the slanted PTFE film surface. As shown in Fig. 6A, the droplets first spread into a cone
and then slide across the surface until they separate from the ends. As shown in Fig. 6B, the induced charge generated by the
interaction between DI droplet and fresh PTFE polymer is continuously recorded. According to TENG’s working mechanism,97 elec-
trostatic shielding of charged surfaces by droplets neutralizes charges in overlapping regions, which also causes currents in external
circuits (the detailed circuit can be seen in the reference paper). Thus, the amount of induced tribo-charge on the droplet can be deter-
mined by the difference between the two charge transfer processes (contact and separation). For the first droplet, a charge of 0.2 nC
was observed when the droplet first came into contact with the polymer surface (Fig. 6B) due to the screening effect of the droplet.
Then, an amount of charge (negative charge) of 2.6 nC was recorded as the droplet slid out of the surface, indicating that an amount
of negative charge (difference between two signals) of 2.4 nC was induced on the PTFE surface due to the CE effect. On the other
hand, as the number of droplets increases, the negative charge accumulated on the polymer surface reaches saturation. As shown
in Fig. 6B, the induced charge on the droplet remains constant at the saturation stage, about 1 nC after about 80 droplets. It should
also be pointed out that although the electrostatic charge generated on the droplet is quite small, the shielding effect of the droplet is
quite strong in the saturated state and a significant current can be generated for energy collection as shown in Fig. 6B. Thus, the charge
curve in Fig. 6B appears to be a square wave with a total charge of about 51 nC on the surface.

In order to clarify the contribution of the electron transfer effect, a series of “immersion-drop” experiments were carried out, in
which PTFE films were immersed in different solutions to fully adsorb ions prior to the application of water droplets. In this case,
the initial state of the PTFE surface may change due to the maximization of ion adsorption process. As can be seen from Fig. 6C, the
saturation charge of the alkali treated PTFE (for 250 droplets) is about 70% of that of the original PTFE (untreated sample), meaning
that CE still occurs between the water and the treated polymer film. If ion adsorption is the dominant effect of CE between liquid
and solid, this immersion treatment should significantly reduce the amount of saturated charge on The PTFE surface. However, the
results in Fig. 6C show that immersion treatment has limited influence on this experiment. Therefore, CE in this experiment may be
related to the mixed effect of ion adsorption and electron transfer.

Fig. 6 A sliding type TENG for studying the continuous electrification process between liquid and solid surface.97 (A) the sliding motion of the
droplet on the PTFE surface, (B) the charge saturation process on the PTFE surface and the insert is the detailed charge transfer process at the
beginning state and saturated state, (C) the soaking experiments, where the PTFE surface is previously immersed in different liquids before the
electrification test. Reproduced from Ref. 97. Copyright 2021 America Chemical Society.

Electron transfer in liquid–solid contact electrification and double-layer formation 7



Based on these experiments, it has been found that the working mechanism of TENG is very suitable for studying the physical
processes at the liquid–solid interface. The TENG device can be used as a probe to detect charge generation and transfer (see Fig. 7).
Tang et al. first reported a liquid metal-based TENG, which aims to achieve high power generation through complete contact
between metal and dielectric.123 In general, 100% contact cannot be achieved with TENG from solid materials, considering the
roughness of the surface. Therefore, liquid metal applications can solve this problem. High output charge density of 430 mCm�2

and power density of 6.7 Wm�2 can be achieved with this device. This idea was subsequently developed as a detection method
for determining the electrochemical series of different dielectric materials. Zou et al.124 introduced a standard method for quanti-
fying the tribo-electric series of various polymer materials based on the contact electricity between the material being measured and
the liquid metal. The proposed method uses TENG as a charge probe to uniformly quantify the surface charge density of general
materials, which can reveal the intrinsic properties of polymers that gain or lose electrons. In addition to liquid metals, similar
TENG systems can be used to study the electrochemical capabilities of different liquids, as we have described in the previous
section.97 Fig. 7 also shows a TENG array for detecting the dynamic output of a droplet during sliding on a solid surface. This design
can show detailed interactions between the droplet and a large solid surface. This single-electrode type of TENG has a very high
sensitivity for detecting induced charges at the liquid–solid interface,125 calibrating charges up to pC level. In addition, combined
with high-speed video, TENG’s dynamic electrical output under different shock conditions allowed us to describe the electrical reac-
tion quantitatively without any fitting parameters.126 By matching the evolution of the hydrodynamic diffusion process with the
time scale of the external electrical signal, it is possible to derive many liquid–solid electrochemical ratio laws. Similar applications
of TENG as a charge probe can also use different modes of TENG, such as free-standing TENG127 or even liquid film TENG,24 which
can be used as a sensor or electrostatic charge filter to accurately measure the surface charge of a target object. Therefore, TENG is
a powerful technique for studying electrical interactions between liquids and other objects due to its high sensitivity and diverse
structural design, and many new advances can be expected in the near future.

In addition to experimental studies, some theoretical calculations support that electron transfer can occur at the liquid-insulator
interface. Willatzen et al. developed a quantum mechanical model for predicting electron transfer in CE for different material

Fig. 7 The research strategy for using TENG as a probe to study the charge generation on liquid–solid interface.86,97,123,124 Reproduced from
Ref. 86. Copyright 2014 America Chemical Society; Reproduced from Ref. 97. Copyright 2021 America Chemical Society; Reproduced with
permission from Ref. 123. Copyright 2015 Wiley; Reproduced with permission from Ref. 124. Copyright 2019 Nature spring.
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systems, including liquid–solid cases.128 In quantum mechanical models, ion transfer is not considered, but electron transfer
appears to be sufficient to support CE between liquid–solid CE. Li et al. studied CE between metal and amorphous polymer
with a first-principle approach when water layer is present at the interface.129 The results show that electrons transfer at the
metal-water interface and polymer–water interface. More recently, Sun et al. quantified electron transfer in liquid–solid systems
in different oxides based on density functional theory (DFT).130 Different liquid–solid systems were established, in which the solid
was diamond carbon, dielectric insulator (SiO2), metal oxide (TiO2 and HfO2), and the liquid was water, as shown in Fig. 8A–D.
The total state density (TDOS) at the liquid–solid interface was used to evaluate the charge transfer behavior. The influence of ionic
solution concentration on liquid–solid CE was studied by introducing Na ions into liquid–solid interface. Two different calculation
methods are used to reveal electron transfer in solid valence band (VB). One is the change in the number of electrons in the entire

Fig. 8 The DFT studies on the liquid–solid CE.130 Different calculation models (A) diamond carbon-water, (B) SiO2-water, (C) TiO2-water and (D)
HfO2-water. The normalized electron numbers of the valence band for (E) diamond carbon, (F) SiO2, (G) TiO2 and (H) HfO2 in contact with water and
solution. The normalized electron numbers near the Fermi level for (I) diamond carbon, (J) SiO2, (K) TiO2 and (L) HfO2 in contact with water and
solution. (M) The linear correlation between charge transfer and dielectric function that is based on the introduction of the pinning factor. (N) The
effects of dielectric constant and work function on the charge transfer at liquid–solid interfaces. Reproduced with permission from Ref. 130.
Copyright 2021 Nature spring.
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valence band of the solid, and the other is the change in the number of electrons in a small area near the Fermi level. Fig. 8E and 8L
shows the change of the normalized electron number in the whole VB and the change of the electron number in a small range near
the Fermi level when solid is in contact with water or ionic solution. The charge transfer between aqueous solution and different
solids has been proved to be strongly related to the vacuum degree and Fermi level change of solid surface in contact with aqueous
solution. It is proved that Na ion causes the band shift, which leads to the change of liquid–solid electron transfer. In addition,
a linear relationship between liquid–solid electron transfer and dielectric function was found (Fig. 8M). The influence of dielectric
constant and work function on charge transfer of solid surface is shown in Fig. 8N. DFT studies show that liquid–solid CE is
a complex phenomenon, which can be affected by contact Angle, dielectric function, temperature and ion concentration. It should
be mentioned that all these first principles calculations are based on electron transfer, which is consistent with the experimental
work on electron transfer.

Liquid-semiconductor contact electrification

Recently, the solid–solid CE involving semiconductors was found to generate directly current with a high current density.131–133

Wang et al. pointed out that the generation of the direct current at the semiconductor interfaces is similar to that occur in the photo-
voltaic effect.56 When a P-type semiconductor slides over a N-type semiconductor, the released energy “quantum”will be released at
the interface due to the formation of new chemical bonds. The released energy can excite electron–hole pairs at the interface, which
are further separated and moved from one side to the other side under the built-in electric field at the semiconductor interface,
generating a direct current in external circuit. This phenomenon is analogous to photovoltaic effect and named as “tribovoltaic
effect”.

The photovoltaic effect cannot only occur at solid–solid interface, but also at aqueous solution and solid semiconductor inter-
face, in which the aqueous solution is considered as a liquid semiconductor.46–49,134 It implies that the tribovoltaic effect may also
occur at the aqueous solution and solid semiconductor interface, since the tribovoltaic effect is similar to the photovoltaic effect. As
shown in Fig. 9A, Lin et al. used a syringe conductive needle to drag a DI water droplet to slide over a silicon surface.135 Fig. 9B
shows the short-circuit current between the conductive needle and the P-type silicon wafer. The positive current was found to be
generated when a DI water droplet slides over the P-type silicon surface, which implies that the electrons moved from P-type silicon
side to the DI water side at the interface. When the DI water droplet slid on the N-type silicon surface, a negative tribo-current was
generated and the electrons moved from N-type silicon side to the DI water side at the interface. The direction of the tribo-current
was found to be consistent of the direction of the built-in electric field at the water and silicon interface. Further, Zheng et al. inves-
tigated the tribovoltaic effect at the liquid–solid interface under light irradiation.136 It was revealed that the tribo-current between DI
water and silicon wafer can be significantly enhanced by light irradiation, due to the increasing of the electro–hole pairs at the inter-
face. These studies proved that the tribovoltaic effect can occur at the liquid–solid interface.

In the liquid-semiconductor tribovoltaic effect, the energy to excite the electron–hole pairs is also considered to come from the
formation of the chemical bond at the interface. As shown in Fig. 9C, when a water droplet slides over a semiconductor surface,
some water molecules will contact the fresh surface, forming chemical bonds and releasing energy, and the released energy
“quantum” was named as “bindington”. Fig. 9D give the whole process of the tribovoltaic effect at the liquid–solid interface.
When a liquid and a solid semiconductor contact with each other, the built-in electric field will exist at the interface due to the differ-
ence in the Fermi levels. If the liquid starts to slide on the solid semiconductor surface, the bindington will be released and electron–
hole pairs will be excited at the interface. Driven by the built-in electric field, the electron–hole pairs are separated and move from
one side to the other side, generating a continuous direct current in external load.

Though the mechanism of the tribovoltaic effect at the liquid-semiconductor is different from that of the CE between liquid and
insulator surface, the charge carries in the tribovoltaic effect are also electrons, which implies that the tribovoltaic effect at the
liquid–solid interface also support the “two-step” model about the formation of the EDL, in which the electron transfer between
liquid and solid is the first step.

Liquid-metal contact electrification

In the tribovoltaic effect at the DI water and silicon interface, the DI water is considered as a semiconductor. It means that the junc-
tion between the DI water and silicon corresponds to a PN heterojunction. In solid–solid cases, the tribovoltaic effect was demon-
strated to exist not only in PN junctions, but also in Schottky junctions, which are usually at the semiconductor–metal interfaces.137

Therefore, the tribovoltaic effect should also exist at DI water and metal interfaces, which correspond to the Schottky junctions. As
shown in Fig. 10A, the Fermi level of the metal is lower than that of the DI water. When they come into contact, a built-in electric
field will be established to compensate for the difference in Fermi level (Fig. 10B). In the Schottky junctions, the depletion region is
always at the semiconductor side in solid–solid case. It suggests that the depletion region should be in DI water side in the DI water-
metal junction, which implies that the EDL at the metal and DI water interface can be considered as the depletion region in liquid-
metal cases. Recent experimental works have proven that the tribovoltaic effect also exists at the metal and DI water interface.

In addition to the tribovoltaic effect, in which the transferred electrons are from the excited electron–hole pairs, charge transfer in
the traditional sense can also occur between metals and liquids. As shown in Fig. 10C, the first-principle calculations shown that
when the water contact a metal surface, such as Pt, the electron will directly transfer from one side to the other side at the inter-
face.138 The charge transfer at the water-metal interface is of significant interest not only in liquid–solid CE, but also in the studies
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about corrosion and catalysis etc. in which the charge transfer is a fundamental issue. Anyway, in both the tribovoltaic effect and the
direct charge transfer at the liquid-metal interface, the charge carriers are identified to be electrons when the metal is involved.

“Wang transition” for CE

The above work suggests that electron transfer is dominant in liquid–solid CE, which raises a question. What are the conditions for
electron transfer in CE? The “Wang transition”model of contact electrochemistry provides an answer to this question.98 As shown in
Fig. 11A, there is a distance a between atom A and atom B that keeps the two atoms in balance. When the distance between two
atoms is greater than the equilibrium distance, they will attract each other (Fig. 11B). Conversely, if the distance between the two
atoms is less than the equilibrium binding distance, the electron clouds of the two atoms will overlap and they will repel each other
(Fig. 11C). Based on experimental data, Wang et al. pointed out that electron transfer in CE can only occur when the electron clouds
of two atoms overlap.98 As shown in Fig. 11D, the highest occupied energy level of the atom belonging to material A is higher than
that of the atom belonging to material B. In this case, electrons don’t go from atom A to atom B, because there’s A high barrier

Fig. 9 The tribovoltaic effect at the liquid-semiconductor interface.135 (A) The setup of the tribovoltaic experiments and the external circuit. (B) The
oscillogram of tribo-current when a DI water droplet slides on the P-type silicon wafer. (C) The generation of the “bindington” at the sliding water
and semiconductor interface. (D) Energy band diagram of the tribovoltaic effect at a liquid–solid junction. Reproduced with permission from
Ref. 135. Copyright 2021 Elsevier.
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Fig. 10 The tribovoltaic effect at the liquid-metal interface. (A) Energy band diagram at a liquid–solid junction before contact and (B) after contact.
(C) The first-principle calculation about the electron transfer at water and Pt interface.138 Reproduced with permission from Ref. 138. Copyright 2018
Royal Society of Chemistry.

Fig. 11 “Wang transition” model for contact electrification.56,98 The interaction of two atoms at (A) equilibrium position, (B) attractive position,
(C) repulsive position. The schematic of the energy diagram of two atoms (D) before contact, (E) in contact, and the photon emission is observed
experimentally due to the hopping of electrons. Reproduced with permission from Ref. 56. Copyright 2019 Elsevier; Reproduced with permission
from Ref. 98. Copyright 2019 Wiley.
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between them. When the two surfaces are in close contact, the electron clouds of atom A and atom B overlap, reducing the barrier
and transferring electrons from atom A to atom B, which can be simply called the “Wang transition” (Fig. 11E). Here, electrons can
be transferred to any energy level of atom B below the highest placeholder energy level of atom A. The electrons will then move
further to the lowest unoccupied energy level of atom B and release the photon, which has been observed experimentally. The over-
lap of the electron clouds, which provides a pathway for electron transfer in CE, can be thought of as forming a bond that is much
longer than a conventional bond. When the two surfaces separate after contact, atom A, which has lost its electron, is dragged by
other atoms on the surface of material A, the length of the bond between the two atoms (atom A and atom B) is lengthened and
eventually broken, and atom A is separated from atom B, forming CE. But in some cases, the attraction between atom A and atom B
is stronger than the attraction between atom A and the surface of material A, and the bond between the two atoms (atom A and
atom B) becomes stronger, and atom A remains on the surface of material B, forming A new true bond and chemical reaction takes
place. In these cases, CE cannot be detected because the entire neutral atom is transferred from surface A to surface B. The Wang
transition model is verified by experiments and theoretical studies. Lin et al. investigated CE between Pt coating and Si3N4/AlN
by using tapping mode AFM in different regions of needle–sample interaction (repulsion or attraction).139 It is found that CE
between tip and sample can only occur when tip and sample interact in the repulsive region, which is consistent with the Wang
transition model. Willatzen et al. provided the first quantum mechanical calculation of electron transfer between two different
atoms. The results also show that the overlap of the electron clouds belonging to two contacting atoms is a necessary condition
for electron transfer.140

The Wang transition model can explain CE in any cases, including liquid–solid cases. Owing to liquid pressure, the liquid mole-
cules will collide with atoms on the solid surface at a liquid–solid interface. The collision between liquid molecules and the atoms
on the solid surface may lead to the overlap of electron clouds and result in electron transfer. In some cases, the atoms, which
receive/lose electrons from/on the solid surface, are dragged away from the solid surface by other molecules in the liquid. The trans-
ferred electrons are left on the solid surface, resulting in traditional liquid–solid CE. But some time, the atoms belonging to the
liquid molecules may form a new bond with the atoms belonging to the solid surface. In these cases, the bindington will be released,
if the solid is metal or semiconductor, tribovoltaic current will be generated.

Triboelectric nanogenerator based on liquid–solid contact electrification

Contact electrification at the liquid–solid interface is a persistent tough problem in the chemical-physical field, and lately, it has
notably aroused the interest of researchers from a variety of fields. The rapid growth of L-S TENG is one of the main reasons for
this situation. Enormous mechanical energy is contained in the ambient water movements, such as river flows, ocean waves,
and even raindrops, and TENG capable of harvesting energy from these motions is a promising approach for on-site energy needs.
Traditional energy harvesting techniques rely on electromagnetic generators141,142 or piezoelectric generators, both of which have
their limitations in harvesting energy from liquid–solid motion, such as size limitations, structural complexity, or low conversion
efficiency. Therefore, TENG devices, with their benefits of compact size, simple system, low cost, and direct interaction with water
bodies, might be a key strategy for resolving challenges in this field. The working mechanism of L-S TENG, which is based on
a combination of electrification and electrostatic screening effect, has been comprehensively investigated by many earlier
works.83–94 Fig. 6B demonstrates the specific differences between these two effects. The essential ingredient is the electricity between
a flowing liquid and a solid surface, thus the TENG structure can be single-electrode or free-standing mode. In 2013, Lin et al. re-
ported the first L-S TENG based on a single electrode type structure.83,92 Subsequently, many other researchers have also developed
free-standing mode TENG for collecting energy, which relies mainly on the shielding effect of the liquid.143,144 Last year, a novel
transistor-inspired L-S TENG based on the bridging phenomenon between an electrification surface and an Al electrode was re-
ported by Wang et al.145 The diffusion of water droplets over the electrification surface in this device can convert the traditional
interfacial effect into a bulk effect, resulting in remarkably high instantaneous power density. One hundred commercial LEDs
can be powered by one drop (100.0 mL), which is the highest performance of L-S TENG to date. Therefore, a series of fresh break-
throughs are also expected soon as the basic research on S-L electrification progresses. Moreover, Wang et al. developed a unique
slippery lubricant-impregnated porous surface-based TENG (SLIPS-TENG) to counteract the rapid degradation of interfacial mate-
rials’ triboelectric properties in harsh conditions. The SLIPS-TENG is currently one of the growing fields of liquid–solid contact elec-
trification, removing many of the inherent challenges encountered in the current TENG.

As illustrated in Fig. 12, the design of L-S TENG for energy harvesting may now be briefly classified into three categories. Firstly,
the L-S TENG can be used to harvest energy on large surfaces (Fig. 12A), such as windows,145,155 building walls,155,156 etc. For
instance, Liang et al. developed a multi-unit transparent TENG that can be directly used on a car window with an instantaneous
power density of 12.66 mWm�2.145,155 Meanwhile, Choi et al.155,156 studied an L-S TENG prepared surface nanostructures in refer-
ence to the natural surface of lotus leaves. This TENG can operate for 28 days without performance deterioration in the presence of
a fluorinated electrification surface with high hydrophobicity.155,156 Zhong et al. developed a multilayer L-S TENG with fine elec-
trode arrays aimed for droplet or stream energy,146,156 allowing the complete conversion of gravitational potential energy into elec-
tricity. Apart from raindrops, similar L-S TENGs can be utilized to harvest energy from ocean waves and currents as well. The design
of L-S TENG for water wave energy uses a free-standing electrode array to create a continuous displacement current, which is basi-
cally identical to that for raindrops energy.
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The charge density and hydrophobicity are two main parameters that impact the performance of energy generation on the L-S
TENG electrification surface. In fact, an increase in hydrophobicity does not always lead to a rise in charge density. Many studies
have found that excessively increasing the roughness and contact angle suppresses transferred charges.146,147,157 Increased surface
roughness leads to increased hydrophobicity in hydrophobic materials, but it may also reduce the effective contact area between the
droplet and the surface (the liquid cannot fully penetrate the inhomogeneous surface at the microscale). The high hydrophobicity,
on the other hand, allows liquids to travel smoothly on a solid surface, whereas the current output of TENG is proportional to the
motion velocity, implying that the high hydrophobicity is suitable for creating high current signals. Therefore, for L-S TENG, an
appropriate hydrophobicity (neither extremely high nor extremely low) is critical, and this value must be custom-designed for
various devices. Furthermore, modifying the electrification surface of L-S TENG by the charge injection treatment is another
commonly utilized approach.157,158 Ion cannons or corona polarization are used to inject excessive charges into the solid surface,
while the energy generation depends on the electrostatic screening effect induced by moving droplets (the solid charged surface is
always saturated).158,159 The solid material for the charge injection treatment should be electret materials, otherwise, the surface
charge density would be lost throughout the process. A variety of electret polymers have been used in the study so far, including
PTFE, FEP, CYTOP, etc. The polarity of the polymer molecules (the dipole moment, the density of the polar molecule, and so
on) determines the surface charge density and its persistence following injection treatment. According to previous studies, CYTOP
films with high-temperature polarization are currently the best choice for such L-S TENG.158,159

Secondly, as shown in Fig. 12B, one of L-S TENG’s primary directions is the portable and wearable energy package. Zhao et al.
produced a freestanding with bi-electrode that can be mounted on the surface of an umbrella, representing a typical application of
the L-S TENG used as a portable energy package. The device produces an output power density of up to 1.838 W m�2 when
mounted on an umbrella,159,160 which is enough to light up to 30 commercial led lights. Aside from umbrellas, raincoats and shoes
are also suitable to integrate with TENG. Xiong et al. reported a wearable all-fabric-based TENG that can collect energy from water
flow and act as a smart cloth.160,161 Furthermore, by coating hydrophobic nanoparticles onto various fabrics as electrification mate-
rials, this fiber-based L-S TENG can also realize the additional function of self-cleaning. This L-S TENG can provide an instantaneous
output power density of 0.14 W m2, and it can gather both electrostatic and mechanical energy from water. On the other hand, as
compared to the solid–solid case, the electrification on the S-L interface is often insufficient, especially when the device is totally
immersed in the liquid. Hence, it is important to further improve the solid–liquid interaction for wearable L-S TENG devices, which

Fig. 12 The application of L-S TENG for energy harvesting. (A) Energy collection on large surface.146,147 (B) Portable and wearable energy
package.148–150 (C) Hybrid power source.151–154 (A) Reproduced with permission from Ref. 146. Copyright 2016 Elsevier; Reproduced with
permission from Ref. 147. Copyright 2017 Elsevier. (B) Reproduced with permission from Ref. 148. Copyright 2020 Royal Society of Chemistry.
Reproduced with permission from Ref. 149. Copyright 2017 Wiley. Reproduced from Ref. 150. Copyright 2018 American Chemical Society. (C)
Reproduced with permission from Ref. 151. Copyright 2021 Elsevier. Reproduced with permission from Ref. 152. Copyright 2015 Wiley.;
Reproduced from Ref. 153. Copyright 2019 America Chemical Society; Reproduced with permission from Ref. 154. Copyright 2020 Elsevier.
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can be achieved by inducing more turbulences via micro turbulators on the electrification surface148,161 or by designing some tiny
drainage channel on the electrification surface to increase contact-separation motions between solid and liquid.148,149

Thirdly, the hybrid energy generator is an intriguing and well-studied research direction of TENG that aims to harvest diverse
types of energy from the ambient environment. The L-S TENG has an excellent performance in collecting energy from raindrops
and is suitable for being integrated into hybrid energy systems (see Fig. 12C). The universal capability of L-S TENG allows it to
work in tandem with a variety of different types of energy harvesters. For example, a hybrid energy system based on solar cells
and L-S TENG that can derive energy from both the sun and raindrops was first reported by Zheng et al.149,150 The transparent
TENG adheres to the top surface of the solar cell, and falling raindrops contacting the TENG surface can induce energy output.
Taking account of the low efficiency of solar cells on rainy days, this hybrid system can effectively compensate for the energy
loss of solar cells. Many advancements have been achieved since then for this solar-raindrop energy system. For example, different
nano-patterns have been added to the TENG surface to improve the light absorption of solar cells.151,152 For the fabrication of L-S
TENG, self-healing and self-cleaning materials have been used, allowing the light transparency and long-term operation of solar
cells to be further protected.149,150 The L-S TENG can also operate with wind energy harvesters in addition to solar energy. Ren
et al. reported an adaptive TENG that can exhibit spontaneous deformation at different humidity152,162 (see Fig. 16C). The
humidity-sensitive material is embedded into the junction site of TENG, while the humidity change leads to the banding of
TENG to different positions. The TENG arrays are all erected on windy days with normal humidity, and their vibrations in the
wind can generate electrical energy. Then, the TENG arrays are driven to lay down by the high humidity in the air during rainy
days, which allows the electrification surface to capture raindrop energy based on the CE effect. Moreover, Jiang et al. presented
a hybrid generator made up of a free-standing mode L-S TENG and a pyroelectric generator (PENG) for harvesting both thermal
and kinetic energy from a thermal fluid.162,165 Due to the CE effect related to ambient temperature, the output power of TENG
decreases as droplet temperature rises. The hybrid energy harvester has a peak power density of 2.6 mW cm�2 with a maximum
energy increment of 238% over the pure PENG device, enabling the lighting of 28 commercial LEDs. With the help of a rectifier
circuit or storage units, different energy generators can be combined to create hybrid energy systems with a higher unified energy
density than a single unit. Despite the variety of different physical effects and mechanisms, the cooperation method between
multiple generating units still needs to be further explored to harvest different environmental energy sources simultaneously
and compensate for shortcomings of each unit.

Apart from energy harvesting, electrification on the L-S interface can also serve as a force-electricity conversion effect, which
inspires a variety of different applications, as partially summarized in Fig. 13. One of the key research directions focusing on L-S elec-
trification is fluidic sensors for sensing movements and deformations. For example, Shi et al. suggested a flexible pressure sensor in
a microfluidic channel based on L-S electrification,153,165 which can conformably work on human skin by combining the operating
principles of electrification and capacitive variations. Dynamic pressure can be immediately revealed by the electrification between
microfluidics and channel surface without external power supply, whereas capacitive change offers a complementing sensing method
for distinguishing between dynamic and static pressure. This microfluidic sensor possesses the ability to simultaneously monitor the
magnitude and frequency of pressure, making it ideal for tracking complicated humanmovements. The similar working principle can
be adopted for underwater wearable electronics. Zou et al. developed a bionic L-S TENG that can collect energy from underwater

Fig. 13 Diversified applications of liquid–solid contact electrification in addition to energy harvesting.25,26,90,166–172 Reproduced with permission
from Ref. 25. Copyright 2020 Elsevier; Reproduced with permission from Ref. 26. Copyright 2019 Wiley; Reproduced with permission from Ref. 90.
Copyright 2019 Elsevier; Reproduced with permission from Ref. 166. Copyright 2016 Elsevier; Reproduced with permission from Ref. 167. Copyright
2019 Nature spring; Reproduced with permission from Ref. 168. Copyright 2017 Wiley; Reproduced from Ref. 169. Copyright 2018 America
Chemical Society; Reproduced with permission from Ref. 170. Copyright 2018 Royal Society of Chemistry; Reproduced with permission from
Ref. 171. Copyright 2015 Elsevier; Reproduced from Ref. 172. Copyright 2015 America Chemical Society.
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movements by mimicking the ion channels of an electric eel.153,154 The flowing liquid in the electrification channel produces an
output voltage of over 10 V, which can be used to support bodymulti-positionmotionmonitoring and an underwater rescue system.
The electrification on the S-L interface can serve as a surface chemical sensor in addition to a fluidic motion sensor. Chen et al.
designed a self-powered volume sensor capable of detecting both volume and conductivity based on L-S CE.154,166 Furthermore,
the ultrafine/highly flexible structure of the device allows it to be applied for microfluidic biological and chemical detection. Jiang
et al. also reported the application of L-S TENG in identifying dopamine concentrations at liquid–liquid interfaces.26 Moreover, given
the precise control of the position and velocity of liquids in microchannels that can be achieved by electrowetting technique, various
self-powered microfluidic systems can be realized by combining electrowetting technique and L-S electrification. For example, Nie
et al. reported a mini delivery vehicle that uses four droplets to transport tiny objects at a maximum regulated speed of 1 m/
s.166,167 Chen et al. further proved that the induced electrical output from the electrification between a droplet and the TENG surface
is sufficient to operate an electrowetting actuation matrix.167,168 Corrosion prevention for ships or ocean machinery is another
prospective application area for L-S CE. The L-S TENG can support a long-term corrosion prevention procedure without external
power supplies,169,170 and the mechanical energy can be easily obtained from ocean waves, suggesting that self-powered sensors
based on L-S TENG may have enormous applications in ocean-related domains. For example, the level gauge based on L-S electrifi-
cation can be used in various scenarios, such as cargo ships25 or drilling rigs.90

Revisiting the model of electric double-layer

Hybrid EDL model and the “two-step” formation process

As presented in the preceding sections, the electron transfer process is a strong effect that deserves emphasis in the CE process
between liquids and solids, and thus it should also be taken into account in the formation of the EDL. As shown in Fig. 14, the
hybrid EDL model (simply called Wang’s hybrid layer) and the “two-step” formation process are elaborated by Wang et al.56 in
2018, which considers both electron transfer and ion adsorption (chemical interaction). For example, solid materials with strong
electron capture abilities (e.g., polymers with a significant number of fluorine groups) can collect electrons directly fromwater mole-
cules or even ions in the liquid. The liquid molecules near the solid surface can then be pushed away from the interface owing to
liquid flow or turbulence. The electron transfer process is related to the hopping of electrons from higher to lower energy states.
Thus, if the energy fluctuations of electrons (kT, where k is Boltzmann’s constant and T is the temperature) are below the energy
barrier (Ep), most of the electrons transported to the surface can be maintained. In the second step, due to the electrostatic inter-
actions, free ions in the liquid can be drawn to the electrified surface to form an EDL, which is similar to the conventional EDL
model (Fig. 14B). At the same time, ionization processes take place simultaneously on the solid surface, resulting in the generation

Fig. 14 The Wang’s hybrid EDL model and the “two-step” processes about its formation. (A) In the first-step, the molecules and ions in the liquid
impact the solid surface due to the thermal motion and the pressure from the liquid, leads to the electron transfer between them, meanwhile, the
ions may also attach to the solid surface. (B) In the second step, free ions in the liquid would be attracted to the electrified surface due to
electrostatic interactions, forming an EDL.
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of both electrons and ions. Furthermore, when a water molecule loses an electron, it transforms into a cationic of H2O
þ. The life-

span of H2O
þ is proved to be shorter than 50 fs,170,171 based on the chemical reaction171,172: H2O

þ þH2O/OH þH3O
þ, H2O

þ

combines with an adjacent water molecule to produce an OH radical and H3O
þ. Therefore, the severed molecules that are pushed

away from the solid surface become freely migrating ions in the liquid, which can also contribute to the formation of EDL.
For this hybrid EDL model, there are a few crucial aspects to emphasize. To begin with, both the ions created by the ionization

process and the transferred electrons can alter the potential distribution near the surface, whereas the formation of the Stern layer
and the diffusion layer in this hybrid EDL model shall have no substantial difference. The ionization at the liquid–solid interface
induces more charges on the surface in the conventional EDL model, leading to the charge dispersion and compensation in the
diffusion layer. In the hybrid layer, the charge transfer between solid and liquid molecules results in more charge accumulation
on the surface. This electron transfer process is parallel to the ion adsorption, and in some cases, such as the CE between SiO2-water
and PTFE-water,95,96 electron transfer plays a leading role in the generation of surface charges. The adsorption of ions can be divided
into chemisorption and physisorption. Meanwhile, the different parts of the hybrid EDLmodel are related to the solid surface states.
Transferred electrons are usually trapped in the surface state, whereas the extra charges generated in the ionization reaction are stuck
in the atomic orbitals of the atoms. Thus, the potential barrier of the surface state should be lower than that of atomic orbitals, and
the transferred electrons in the surface states should be mobile and relatively unstable, as demonstrated by the heating treatment
experiment.95 In addition, the capacity of solid materials to donate/withdraw electrons can determine the CE between solids, and
this principle can also be extended to the CE between L-S.22,173 For example, polymers with high EW properties (such as PTFE and
FEP) can produce considerable electron transfer effects during CE with liquids, and the electrification performance can be further
improved by intentionally adding certain unsaturated groups on the surface. Accordingly, the electron-donating/withdrawing capa-
bilities of solid materials may affect the formation of the EDL, including the charge density and near-surface potential distribution.
Besides, in liquid–solid CE, the electron transfer probability is usually less than one out of�2500 surface atoms.95 In the case of CE
between SiO2 and DI water, as can be estimated from the charge density, the distance between two neighboring electrons on the
SiO2 surface is 16 nm while is �30 nm between two adjacent O- ions. The distances are substantially more than the thickness of
the Stern layer,173,174 therefore the EDL description should also take account of the distance between two adjacent charges, as illus-
trated in Fig. 14.

Revisiting the EDL model and its related fields

The EDL model has been widely used in many fields, covering energy storage, electrochemical reactions, capacitive deionization,
hydrogel ionization, electrophoresis, colloidal adhesion, and many other disciplines. However, as proposed in Fig. 14, the origin
of EDL formation at the liquid–solid interface may have another possible explanation based on the electron transfer effect during
liquid–solid contact. It is suggested to revisit the studies and applications related to EDL based on this hybrid electrification process
(electron transfer and ion adsorption) on the S-L interface, as shown in Fig. 15. EDL capacitors103 rely on charge accumulation in the
EDL to store energy (Fig. 15A), while the EDL behavior on the electrode surface is usually determined by the external electric field,
the kinds of electrolyte ions and the ion adsorption process. Then the interactions between the adsorbed ions and the electrode
surface can be explained by chemical affinity. When considering electron transport between the electrode surface and the liquid
molecule, we must further consider charge accumulation and dispersion near the surface. Although the electron transfer effect is
pronounced at the polymer–liquid interface22 and generally quite weak at the electrode-liquid interface, it remains necessary to
consider it to complete the physical picture near the electrode surface. Previous research has shown that inserting electrorheological
liquid crystal molecules into the electrolyte can reduce the self-discharge of EDL capacitors, where the surface potential can induce
fluid viscosity to slow down the diffusion of ions.175 It also indicates that in some circumstances, the electron transfer effect might
provide a distinctive contribution. Similarly, both capacitive and pseudocapacitive processes of EDL have been shown to have
a remarkable effect on electrocatalytic reactions (Fig. 15B),182,183 where continuous EDL reconstruction can be seen by chemical
phase modification. The existence of EDL and electrified interfaces can be used to explain the impact of cations on various exper-
imental results,183,184 where the local environment of catalysis also needs to be defined to include electrostatic interactions of ionic
species with charged metal surfaces. In this context, the hybrid EDL model that includes the electron transfer mechanism can also
contribute to the clarification of certain physical hypotheses related to experimental observations.

On the other side, mechanochemistry studies the effect of mechanical forces on the chemical bonding of force-reactive materials,
which can potentially generate novel materials that cannot be obtained by other means. For example, Boswell et al.185 used ultra-
sonication to generate force activation to synthesize a gold-colored, semiconducting fluoropolymer (fluorinated polyacetylene)
(Fig. 15C), suggesting that polymer mechanochemistry is a viable synthetic tool for obtaining novel materials. The CE effect
between L-S may also contribute to this process on this basis if we choose the appropriate materials to induce the electrons transfer
on the interface. Furthermore, according to the DLVO (Derjaguin, Landau, Verwey, Overbeek) theory, the interaction of EDL has
a significant impact on colloid particle adherence,186 and this adhesion effect may also be used to manipulate bacterial cells.176

The charge densities at bacterial cell surfaces are influenced by the local electric potential (Fig. 15D), which changes under the
EDL interaction with another surface, leading to different adhesion behaviors of the bacterial cells. As demonstrated in prior
studies,180 the adsorption flux can be enhanced with dilute electrolytes owing to EDL interactions among particles. Besides, in
previous studies, the EDL on the particle–liquid interface was calculated under the assumption that the particle surface has
a constant charge density in the initial state, but no in-depth discussion on the origin of these initial charges. Thus, if referring
to the hybrid EDL model in Fig. 14, it is likely that these initial charges are derived from the electron transfer process during contact,
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so that the calculation of the surface potential may also need to consider the CE effect between the particles and the liquid. As
demonstrated in Fig. 15E a comparable case may be seen in the phenomena of colloidal suspension.187 In addition, the EDL
can act as a large-capacitance nanogap capacitor, allowing charge accumulation at L-S interfaces up to extremely high levels. There-
fore, EDL transistors with ionic liquids or electrolytes as gate dielectrics30 have been of great interest for their wide electrochemical
windows, low vapor pressures, and good chemical and physical stability.177 EDL transistors can be efficiently governed by triboelec-
tric potential rather than applying gate voltages (see Fig. 15F), which can serve as mechanically sensitive electronics.178 Ion gels are
commonly used as the gate dielectric and electrification layer for human–electronics interaction, and the transistors can be
controlled by voltage signals triggered by the contact electrification on the surface of the ionic gel.188 In this case, the physical
process occurring on the surface of the ionic gel should be further clarified based on the hybrid EDL model.

Potential impacts of the hybrid EDL model to other energy generators

Apart from the mentioned study fields, there are many other energy harvesters that are also related to EDL. As is well-known, when
a pressure-driven flow occurs in an aqueous solution in a channel with surface charges on its walls, a flowing current will be gener-
ated.179,181,189 The reason can be explained that when the aqueous solution contacts the charged wall an EDL is formed, and the
ions in the EDL will orientally move under the external pressure, generating a direct current. Various electric generators were con-
structed for collecting energy from the ambient environment based on the streaming current, as illustrated in Fig. 16A.181 The
streaming current may also be produced by dragging a liquid droplet over the graphene surface (Fig. 16B)144,163 and even at the
liquid–liquid interface.190 The influence of different factors to improve the efficiency of energy harvesters has been discussed,
including the thickness of the EDL, flow velocity, concentration, and so on.179 In particular, as one of the key issues in the theory
of hybrid EDL, the identification of the charges has drawn little attention on the surface of the wall until now. Various principles of

Fig. 15 A revisit of EDL and its related fields. (A) electrochemical storage103 (B) electrocatalytic system175 (C) Mechanochemistry176 (D)
Electrophoresis and surface adhesion177 (E) Colloidal suspension178 (F) EDL transistor.179 Reproduced with permission from Ref. 180. Copyright
2002 Elsevier; Reproduced from Ref. 181. Copyright 2018 America Chemical Society.
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material selection for streaming current generators will be available based on different charge transfer theories (electron transfer or
ion transfer). Besides, since it is easier to excite electrons compared to ions, it may be possible to improve the temperature stability of
the generators by adjusting the ratio of ions to electrons. However, these issues have not to be addressed in the research of streaming
current generators. Except for streaming current generators, various techniques based on charge transfer at the liquid–solid interface
have been developed, including the electrokinetic energy device,191 the fiber-shaped fluidic nanogenerator (FFNG),192 the carbon-
water device,193 and so on. Recently, harvesting energy from evaporation has also attracted considerable attention (Fig. 16C).194–196

Unlike in the liquid–solid CE, the liquid in these techniques remains in touch with the solid surface. But it is also essential to have
electron transfer at the liquid–solid interface since the mechanism of these techniques is relevant to EDL as well. Therefore, it is
possible that the ”Wang’s transition“ model and Wang’s hybrid EDL theory have implications for this technique.

Conclusion and perspectives

In this review, we summarize recent work on mechanisms and applications of liquid–solid CE. Although charge transfer at liquid–
solid interface is one of the key issues in many fields and CE has been studied for a long time, historically, liquid–solid CE has not
received the attention it deserves. Due to the invention of liquid–solid TENG, liquid–solid CE was pushed to center stage. Two key
problems of liquid–solid CE, namely, the properties of charge carriers and the formation of EDL, have been systematically inves-
tigated recently.

In the liquid–solid CE, the solids could be insulators, semiconductors or metals. For the liquid-insulator CE, we summarized
several latest works that demonstrated the existence of electron transfer at L-S interface by using diversified methods in both micro-
scale and large scale. In some cases, the electron transfer even plays a dominant role. The mechanism of the liquid-semiconductor
CE is very different from that of the liquid-insulator CE. In the liquid-semiconductor CE, the electron–hole pairs are first excited by
the energy released due to the forming of bonds at the interface, which can be called as “bindington”. Then the electron–hole pairs
are separated and directionally move from one surface to the other surface under the driving of the built-in electric filed at the inter-
face, generating a direct tribo-current. This process is similar to the photovoltaic effect, so that it was named as the tribovoltaic effect.
It is verified that the tribovoltaic effect also exist at the liquid-metal interface, in which the liquid, usually aqueous solution, is
considered as the semiconductor. No matter the solid side is insulator, semiconductor or metal, the electron transfer plays an
important role.

A newly proposed Wang transition model is also introduced in this review. In Wang transition model, the two atoms are close to
each other, and the electron clouds belonging to the two atoms overlap with each other, reducing the potential barriers and resulting
electron transfer. When they separate, the electrons belonging to one atom are left on the other atom, and the CE occurs.

Fig. 16 Impacts of hybrid EDL model on other energy generators. (A) and (B) Energy harvesting from streaming current.144,163 (C) Energy
harvesting from surface vapor evaporation.164 Reproduced with permission from Ref. 163. Copyright 2015 Wiley; Reproduced from Ref. 144.
Copyright 2016 America Chemical Society; Reproduced with permission from Ref. 164. Copyright 2017 Nature spring.
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In addition to the mechanism of the liquid–solid CE, recent progresses in the liquid–solid TENG and other applications related
to this CE effect are also reviewed. Recent years, different liquid–solid TENGs were designed to harvest the energy from on large
surface, or designed as portable and wearable energy package for electronics applications or even combined with other energy tech-
nique to establish a hybrid energy generator. We have summarized several key points for designing L-S TENG, including its oper-
ation mechanism and the methods of surface treatment. In addition to energy harvesting, CE on L-S interface can also be applied for
sensors, reactors, manipulators and many ocean related devices. Furthermore, the L-S TENG can be a probe for probing the electri-
fication at liquid–solid interface. With the further exploration of the fundamental physics of L-S electrification, a series of impacts in
the related fields are expected in the future.

Based on the electron transfer, Wang et al. proposed a hybrid EDL model and a “Two-step” formation process, while we provide
an in-depth explanation of this concept in this review. In the Wang’s hybrid EDL model, the electron transfer due to the overlap of
the electron clouds occurs in the first step. Further, the liquid molecules are pushed away from the solid surface, while the electrons
remain. In the second step, free counter ions in the liquid are attracted, forming an EDL. A key difference between the hybrid EDL
theory and traditional EDL theory is the identity of the charge carriers in the charged solid surface. The hybrid EDL model considers
the electron transfer, while the traditional EDL model does not. The electron and ion are very different, for example, they are
different in size, mass, mobility and diffusion range, and they need different energy to leave the surface. More importantly, the
dynamics related to electrons and ions are very different, because electrons can be easily excited by raising temperature and/or
photon excitation, so that they are easily leaked out from surfaces/interfaces, which may affect the charge storage capability. So
far, the EDL related fields, such as electrochemical storage, mechanochemistry, electrocatalysis, electrophoresis etc., were based
on the traditional EDL model, which may lead to unexplained phenomena. It means that the hybrid EDL model may have signif-
icant implications on the EDL related fields, which still remains to be further developed experimentally.

This review focus on introducing the works on liquid–solid CE. In fact, the liquid molecules will collide with each other at the
liquid–liquid interface, and results in electron transfer as well. Therefore, the concepts and models introduced here for liquid–solid
CE, such as the Wang transition model and Wang’s hybrid EDL model, may also be suitable for liquid–liquid CE, which has
attracted increasing attention. Experimental verification of the correctness of these models in liquid–liquid CE will be one of the
key points in the future studies on the CE.
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