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Abstract 

The triboelectric nanogenerator (TENG) has emerged as a notable innovation 

in energy research, converting mechanical energy into electrical energy through the 

triboelectric effect and electrostatic induction. Of its many variations, the liquid-

solid mode TENG has gained significant attention due to its inherent wear 

resistance, mechanical durability, and consistent operation.  

This research provides a focused exploration into the interactions between 

solids and liquids within the domain of TENGs. Beginning with an overview of 

TENGs—from the general background to their various operational modes, 

followed by a comprehensive literature review of solid-liquid TENGs. 

Central to this research is the introduction of an equivalent circuit model 

abstracted for a water-solid mode TENG. Relying on the basic principles of first-

order lumped circuit theory, this model describes the TENG as a series of capacitors 

connected by a water resistor. This model serves as a foundation to understand the 

main output characteristics and the factors influencing them. To validate this 

theoretical approach, we developed a three-dimensional water-solid TENG array 

consisting of multiple single-wire TENGs. This array is efficient at capturing small 

energy movements from water, thus supporting the accuracy of our theoretical 

model. 

Additionally, we delve into the realm of non-contact TENG designs. A new 

model, composed of copper rings and a charged dielectric sphere, has been 

proposed to elucidate the working mechanism of TENGs primarily driven by the 

effect of electrostatic induction. To complement this, two additional models - the 

vertical and horizontal double copper rings - are discussed. Using the finite element 

method, these models are examined in detail, indicating an effective theoretical 
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foundation for understanding and predicting the output performance of non-contact 

model TENGs for practical applications. 

In-depth comprehensive modeling and simulations reveal the characteristics 

and capabilities of various TENG configurations, particularly highlighting the role 

of the Electric Double Layer in Solid-liquid contact. Utilizing the Gouy-Chapman-

Stern (GCS) Model, the research clarifies the dynamic process in the solid-liquid 

interfaces of TENGs. 

In conclusion, this thesis expatiates a mix of practical experiments and 

theoretical modeling, suggesting a comprehensive understanding of the electrical 

behaviors of solid-liquid TENGs, aiming to inspire further innovations and 

applications in the area of energy harvesting. 
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Abbreviation Full name 
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Metal-semiconductor direct-
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nanogenerator 

DEG 
Droplet-based electricity 

generator 

ITO Indium tin oxide 

ENG Electrical nanogenerator 

AFP Amorphous fluoropolymer 
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DFT Density functional theory 

HOMO-LUMO 

Gap between the highest 

occupied and lowest unoccupied 

molecular orbitals 

BSNG Bionic stretchable nanogenerator 

PDMS Polydimethylsiloxane 

TMS Triboelectric microfluidic sensor 

LS Liquid-solid-contact 

SOS Save Our Souls 

RF Radio frequency 

R-TENG 
Rotating triboelectric 

nanogenerator 

RhB Rhodamine B 

Cu Copper 

DI Deionized 

3D Three-dimensional 

EDLCs Electric double layer capacitors 

AC Alternating current 

VDR 
vertical double copper ring  

model 

HDR 
horizontal double copper ring 

model 

FEM Finite element method 

OC Open-circuit 
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SC Short-circuit 
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• List of Symbols 

Symbol Name Unit 

φ potential V 

x distance m 

EA, EB 
occupied energy 

levels of electrons 
V 

E1, E2 

potential energies 

for electrons to 

escape 

V 

CP capacitor of PTFE F 

C1 

capacitor formed at 

the water/PTFE 

interface 

F 

C2 

capacitor formed at 

the water/aluminium 

interface 

F 

Rw 
impedance of the 

water droplet 
Ω 

RL 
impedance of the 

external load 
Ω 

dq(t)/dt 

derivative of the 

transferred charge 

with respect to time 

C 

VOC open-circuit voltage V 

QSC short-circuit C 
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transferred charges 

Ctop 
capacitance near the 

water-PTFE surface 
F 

Ci 
capacitance of the 

dielectric 
F 

CEDLC,t 

EDLC formed at the 

water-PTFE 

interfacial area 

F 

CEDLC,b 

EDLC formed at the 

water−bottom 

electrode interfacial 

area 

F 

Rw resistance of water Ω 

RL 

external resistance 

in the external 

circuit 

Ω 

Sw 

contact area 

between the water 

and the PTFE 

m2 

Sb 

contact area 

between the water 

and the bottom 

electrode 

m2 

d0 
effective thickness 

of the multi-
m 
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dielectric layer 

d1, d2 

thickness of Kapton 

and PTFE 

respectively 

m 

ε1, ε2 

relative permittivity 

of Kapton and PTFE 

respectively 

F/m 

λw width of the EDLC m 

εw 
dielectric constant 

of DI water 
F/m 

Cbot 

capacitance formed 

at the bottom 

electrode-water 

surface 

F 

ε0 
Permittivity of 

vacuum 
F/m 

φtop 
Voltage across top 

EDLC 
V 

φbot 
Voltage across 

bottom EDLC 
V 

rs 
radii of charged 

sphere 
m 

rc radii of copper rings m 

ρs 
Surface charge 

density of charged 
C/m2 
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sphere 

d 
displacement of the 

sphere 
m 

h 

height between the 

double vertical 

copper rings 

m 

S 

horizontal distance 

between the center 

of the double copper 

rings 

m 

S0 

closest distance 

between the double 

horizontal copper 

rings 

m 
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Figure 1.1. Schematic illustration of the first TENG and its operation cycle. 

Figure 1.2. Coordination system and mathematical parameters defined for 

describing (a) contact-separation, (b) lateral-sliding mode, (c) single-electrode 

mode, (d) free-standing mode, and (e) rolling mode TENGs, respectively. 

Figure 1.3. Typical models of an EDL. (a) Schematic of an EDL in a liquid in 

contact with a positively-charged solid. If the solid is negatively-charged, the 

charge distribution will be the inverse. Schematic of the (b) Helmholtz plate 

EDL model, (c) Gouy–Chapman diffuse EDL model, (d) Stern EDL model, and 

(e) BDM EDL model. 

Figure 2.1. Typical liquid-dielectric mode TENG. (a) Schematic diagram of the 

three-dimensional water-solid TENG array, (b) Typical electrical double layer 

formed on the water-dielectric interface area and the relevant variation of 

electrostatic potential φ with distance x from the electrode and (c) The full 

equivalent circuit model of the water-solid triboelectric nanogenerator. (d) 

Schematic illustration on the triboelectric mechanism of the FO-TENG (The O-

TENG modified with different amounts of Fc(x) and Fs(y) is noted as FO-

TENG(x–y)) and (e) transferred charge curves of the FO-TENG compared with 

other O-TENGs for oil-solid contact. (f) Method for testing the amount of charge 

on water droplet after L-S friction. (g) Simplified model of the measurement 

method. The tested material contacts the liquid metal of mercury, and then separates 

periodically. The positive electrode of the electric meter is connected to the mercury, 
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and the negative is connected to the copper electrode. (h) The setup of AFM 

platform for the thermionic emission experiments. 

Figure 2.2. Typical liquid-semiconductor mode TENG. (a) The setup of the 

tribovoltaic experiments and the external circuit, (b) the oscillogram of open-circuit 

voltage when a DI water droplet slides on the P-type silicon wafer (0.1 Ω cm) at 20 

mm/s, and the droplet static contact diameter is 2.5 mm, (d) the oscillogram of 

short-circuit current when a DI water droplet slides over the P-type silicon wafer 

(0.1 Ω cm) at 20 mm/s, and the droplet static contact diameter is 2.5 mm. (c) Energy 

band diagram of the N-type Si and the DI water, (e) the setup of the experiments 

and (f) a schematic diagram of the generation of tribo-current. 

Figure 2.3. Typical liquid-metal mode TENG. (a) Side (left) and top (right) views 

of a snapshot of the Pt (111)-water interface from a DFTMD trajectory. Pt, watA, 

watB and watC are colored in grey, blue, magenta and red, respectively. The 

isosurfaces represent the electron density difference profile of the interface before 

and after water interacts with the metal surface electronically, and the regions 

colored in cyan and yellow indicate electron depletion and accumulation, 

respectively. (b) Schematic showing the experimental setup of DC-FluTENG and 

(c) structure diagram of DC-FluTENG in comparison with a conventional single-

electrode-based TENG. 

Figure 2.4. (a) An electron-cloud-potential-well model proposed for explaining CE 

and charge transfer. d, distance between two nuclei; EA and EB, occupied energy 

levels of electrons; E1 and E2, potential energies for electrons to escape. (b) 

Interatomic interaction potential between two atoms when they are at equilibrium 

position. 
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Figure 2.5. (a)-(b) Wang’s hybrid EDL model and the “two-step” process on 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, which leads to 

electron transfer between them; meanwhile, 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. (c) The setup of the 

charging experiments, where the negative charges generated on the SiO2 surface 

could be electrons and O− ions induced by surface ionization reaction. (‘O’ is the 

Oxygen atom, ‘Si’ is the silicon atom and ‘O−’ is the Oxygen ion). (d) The decay of 

the CE charge (induced by contacting with the DI water at room temperature) on 

the SiO2 surface at different substrate temperatures. 

Figure 2.6. Liquid-Solid CE based on Tribovoltaic effect. (a)-(c) The electric 

output characteristics of the metal-semiconductor-based direct-current triboelectric 

nanogenerator (MSDC-TENG). (d) The setup of conductive atomic force 

microscopy experiment platform, the diamond coated tip was controlled to rub on 

the Si sample with a certain load, during the rubbing, the current between the tip 

and sample was recorded in the CAFM. (e) The setup of the experiments, the 

coupling of photovoltaic effect and tribovoltaic effect at the DI water and Si wafer 

interface under light irradiation and (f) energy band diagram of the N-type Si and 

the DI water. 

Figure 2.7. Equivalent Circuit Model of Liquid-Solid TENG. (a) Schematic 

diagram of droplet-based electricity generator (DEG) and (b) circuit model, in the 

switched-off mode, there is no capacitor formed at the water/aluminium interface. 

As a result, CP and C1 remain in an open circuit and there is no charge flow between 

them. When the aluminium electrode and PTFE are connected by the water droplet 
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(switched-on mode), another capacitor, C2, is established at the water/aluminium 

interface, forming a closed circuit. Rw, RL and dq(t)/dt in the circuit are, respectively, 

the impedance of the water droplet, the impedance of the external load and the 

derivative of the transferred charge with respect to time. (c) Experimental setup, (d) 

full equivalent circuit and (e) simplified equivalent circuit of the water drop 

electricity generator. 

Figure 2.8. (a) The diagrams of influential mechanism of the surface charge density 

on the formation of electric double layer with the solid surface charged much 

negatively, less negatively, less positively, and much positively. (b) The analysis of 

the local polarized electric field on SiO2 surface. (c) The adsorption energy between 

SiO2 surface with Na+ ion, Cl- ion, and H2O molecule under different charge 

densities. (d) Sketch of seven polymers. Polytetrafluoroethylene (PTFE), 

polypropylene (PP), polyvinylidene difluoride (PVDF), polydimethylsiloxane 

(PDMS), Nylon 66, polyimide (Kapton), polyethylene terephthalate (PET), and 

water. The dashed areas depict their monomers. 

Figure 2.9. (a) Schematic illustrations of the disk TENG, (b) schematic diagram 

and (c) the circuit diagram of the TENG-driven water splitting system. (d) Scheme 

diagram of bionic stretchable nanogenerator (BSNG) with double layer structure, 

which is mainly constructed by silicone, polydimethylsiloxane (PDMS), 

electrification liquid and ionic solution electrode. (e) Scheme diagram of the bionic 

channels in BSNG. (f) Output signal of BSNG in one working cycle 

Figure 2.10. (a) Structure of the water wave motion sensor rooted in water wave 

friction, (b) peak values of voltage and (c) peak values of current for the device. (d) 

The structure diagram of the hybridized TENG. (e) The dependences of the Voc and 
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Isc values on the flowing water rate of the disk-TENG. (f) The dependences of Voc 

and Isc values on wind speed of the disk-TENG when it is driven by wind. (g) 

Structural schematic diagram of the liquid rate sensor and gas rate sensor. For liquid 

rate sensor, the inset 1 shows the photograph of the sensor fabricated on a medical 

infusion tube, the inset 2 shows the surface SEM image of PTFE layer (scale bar: 

5 μm), the inset 3 shows the contact angle which indicates the hydrophobic property 

of the PTFE surface. For the gas flow rate sensor, the inset 1 shows the photograph 

of the sensor fabricated on a PE tube, the inset 2 shows the surface SEM image of 

PTFE layer (scale bar: 3 μm), the inset 3 shows the contact angle of the air bubble 

on the PTFE surface. (h) 3D graph shows the output frequency of self-powered 

triboelectric micro-fluidic sensor (TMS) with various capillaries under different 

external flow rate. 

Figure 2.11. TENGs as scanning probe. (a) Working mechanism of the droplet-

TENG. When a drop of liquid flows through the polymer surface, the charge 

transfer between liquid and solid occurred, and the current signals were measured 

by the two Cu electrodes separately. (b) Working mechanism of the pixeled droplet-

TENG. When a water droplet flows through the tilted fluorinated ethylene 

propylene surface, the charge transfer between liquid and solid occurred, and the 

induced charges at each point were measured by the electrode arrays on the 

backside. (c) Structure of the pixeled droplet-TENG: the top layer is dielectric 

polymer film (FEP film) for contact electrification with water droplet; the middle 

layer is a PMMA plate, and the Cu electrode array (12 × 36 Cu electrodes) 

penetrates the PMMA plate; the bottom layer is a signal processor. 

Figure 2.12. (a) The blue energy harvested by the network of the liquid-solid-

contact buoy triboelectric nanogenerators. (b) The structure of a buoy, the buoy 
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contains an inner liquid and several polymer films, which function as several 

TENGs. (c) Illustrations of the R- TENG. (i) the optical image and (ii) the schematic 

exploded view of the R-TENG which consists of a rotator and a stator. (iii) PCB 

patterns of the rotator and stator; inserts are the sectional optical images of PCBs. 

(d) Schematic diagram of the Cu2+ and RhB removing powered by transformed and 

rectified TENG (R&T TENG). (e) Structure of the self-powered microfluidic 

transport system based on TENG and electrowetting technique to control the mini 

vehicle carrying a tiny gear. 

Figure 3.1. Electrical measurement system includes two parts: (a) digital 

multimeter and (b) the Labview platform. 

Figure 3.2. Liner motor includes two parts: (a) controller of the liner motor and (b) 

the moving motor. 

Figure 3.3. Me3D (Australia) 3D printer consists of a 3-axial stage and motor. The 

raw materials are driven by the motor which is controlled by a specially designed 

program on the computer. 

Figure 4.1. (a) Schematic diagram of the water-solid triboelectric nanogenerator 

and (b) photograph of the moving part setup. (c) Typical electrical double layer 

formed on the water-dielectric interface area and the relevant variation of 

electrostatic potential (φ) with distance x from the electrode. (d) The full equivalent 

circuit model of the water-solid triboelectric nanogenerator. (e) Step-by-step 

illustration showing the working principle of the water-solid triboelectric 

nanogenerator. 

Figure 4.2. (a) Open-circuit voltage (VOC) and (b) short-circuit transferred charges 
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(QSC) of the water-solid triboelectric nanogenerator when the areas of the PTFE and 

Cu are 25 cm2 and 170 cm2, respectively. Comparison of the VOC for different (c) 

material selections, (d) sizes of PTFE, (e) sizes of the bottom electrode. (f) 

Extracted peaks of VOC and QSC for different sizes of the bottom electrode. Basic 

outputs of the (g) VOC and (h) QSC for different velocities of the moving part. (i) 

Comparison of the open-circuit voltage densities reported in recent years. Note that 

the VOC of this work exhibits the largest value. 

Figure 4.3. (a) Schematic diagram of the single-wire TENG. Comparison of the (b) 

VOC and (c) QSC of the single-wire TENG with increasing immersion length, and (d) 

corresponding extracted peaks of VOC and QSC; Note that the depth of DI water is 

fixed at 14 cm. (e) Extracted peaks of VOC and QSC at different depths of the DI 

water. 

Figure 4.4. Open-circuit voltage density and transferred charge density of the 

single-wire TENG at different immersion length, with water depth fixed at 14 cm. 

Figure 4.5. Comparison of the (a) open-circuit voltage VOC and the (b) short-circuit 

transferred charge QSC of the single-wire TENG with increasing water depth. 

Figure 4.6. (a) Schematic diagram of the three-dimensional water-solid TENG 

array, constructed from many single-wire TENGs. (b) The equivalent circuit model 

of the TENG array. (c-d) Transferred charges QSC and the extracted peaks of QSC 

enhancement with the increase of the integrated wire number. (e-f) Open circuit 

voltage VOC and the extracted peaks of VOC with the increase of the integrated wire 

number. 

Figure 4.7. (a) Optical images of a single-wire TENG (left) and a TENG array with 
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five single-wire TENG units (right). (b) Optical images of the single-wire TENG 

with increasing water depth from 2 cm to 14 cm. 

Figure 4.8. Both the rectified outputs of the single-wire TENG are used to charge 

commercial capacitors of 10 nF and 0.1 μF, respectively. 

Figure 5.1. Experimental schematic of the copper ring-based power generation unit.  

Figure 5.2. Electrical performance when positive charged spheres pass through a 

copper ring. Radius of the charged sphere is 0.5 cm. Radius of the copper ring is 

1.5 cm. 

Figure 5.3. Electrical performance when a negative charged sphere pass through a 

copper ring. Radius of the charged sphere is 0.5 cm. Radius of the copper ring is 

1.5 cm. 

Figure 6.1. Schematic diagram showing the finite-element structure model, 

experimental schematic, and the comparison between the simulation results and 

experiments results. (a) Simulation model of charged sphere passing through a 

single copper ring, double vertical copper rings and double horizontal copper rings, 

respectively. (b) Experimental schematic of charged sphere passing through a single 

copper ring. The simulated (c, d) and experimental (e, f) electric potential and 

surface charge density of a single copper ring when a charged sphere passes through 

it (radius of charged sphere, rs = 0.5 cm; radius of copper ring, rc = 1.5 cm). (g) 

Surface charge density of inside and outside the copper ring when a positive 

charged sphere passed through. 

Figure 6.2. Basic simulation results for charged sphere passing through a single 

copper ring. (a) Electric potential and (b) surface charge density of the copper ring 
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when a charged sphere passes through. (c) – (f) Electric potential and surface charge 

density of the copper ring when charged spheres with different radii pass through 

the charged sphere (the radius of the charged sphere, rs = 0.1 cm, 0.5 cm, and 1.0 

cm, while the radius of the copper ring, rc = 1.5 cm). (g) Distribution of electric 

potential (V) and (h) its contours when the sphere is positively charged and 

negatively charged separately. 

Figure 6.3. Simulation results for a charged sphere passing through single copper 

ring. (a) Electric potential and (b) surface charge density of the copper ring when a 

charged sphere passes through single copper rings with different radii (rs = 0.5 cm, 

rc = 0.6 cm, 1.5 cm, and 3.0 cm). (c) Electric potential and (d) surface charge density 

of the copper ring when charged spheres pass through with different charge 

densities (rs = 0.5 cm, rc = 1.5 cm, ρs = 1 μC/m2, 10 μC/m2, and 50 μC/m2). (e) 

Contours of electric potential (V) when charged spheres (ρs = 10 μC/m2, rs = 0.5 

cm) pass through single copper rings with different radii (rc = 0.6 cm, 1.5 cm, and 

3.0 cm). 

Figure 6.4. Surface charge density for different positions of the copper ring in the 

single copper ring model. 

Figure 6.5. Simulation results for a charged sphere passing through vertical double 

copper rings (ρs = 10 μC/m2, rs = 0.5 cm, with the radius of the double vertical 

copper rings the same, rc = 1.5 cm). (a) Electric potential difference (in the open-

circuit condition) and transferred charge density (in the short-circuit condition) 

between double vertical copper rings when a charged sphere pass through at 

different heights of the top ring (where the height between the double vertical 

copper rings, h = 0.1 cm, 0.5 cm, 1 cm, 2 cm, and 3 cm). Surface charge density of 
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different positions on the copper ring under (b) open-circuit (OC) conditions and 

(c) short-circuit (SC) conditions. (d) Electric potential of vertical double rings in 

the OC condition when h changes (h = 0.5 cm, 2 cm, 3 cm, 5 cm, 10 cm, and 20 

cm). (e) three-Dimensional distribution of electric potential (indicated by colors) 

and electric field (indicated by arrows) when a charged sphere pass through the 

double vertical copper rings separated by 0.5 cm. (f) Distribution of electric 

potential under OC conditions when h changes (h = 0.1 cm, 1.0 cm, and 3.0 cm). 

Figure 6.6. Simulation results for a charged sphere passing through offset double 

copper rings (ρs = 10 μC/m2, rs = 0.5 cm, with the radii of the double vertical copper 

rings the same, rc = 1.5 cm). (a) Electric potential difference between double offset 

copper rings in the OC condition when the charged sphere passes through at 

different horizontal offsets s (s = 0.2 cm, 0.8 cm, 2.2 cm, 2.8 cm, and 3.0 cm). (b) 

Transferred charge density between double offset copper rings in the SC condition 

when s changes (s = 0.5 cm, 2.5 cm, and 3.0 cm). (c) Structure of charged sphere 

passing through double copper rings and relevant parameters. The variables in the 

structure are defined as follows: rs represents the radius of the charged dielectric 

sphere, rc represents the radius of both copper rings, d represents the displacement 

of the sphere, h represents the vertical height between the double copper rings, S0 

represents the minimum horizontal distance between the double copper rings, and 

S represents the horizontal distance between the center of the double copper rings. 

(d) three-Dimensional distribution of electric potential (colors) and electric field 

(arrows) when the charged sphere passes through the offset vertical copper rings 

horizontal offset of 0.5 cm. (e) Distribution of electric potential in the OC 

conditions when s changes (s = 0.5 cm, 2.5 cm, and 3.0 cm). 

Figure 6.7. Electric potentials of both copper rings in the OC condition in the 
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crossed double copper rings model, with varying horizontal distance s between the 

double copper rings.  

Figure 6.8. Electric potentials of both copper rings in the OC condition in the 

horizontal double copper ring model, where the minimum distance S0 between 

double copper rings varied from 0.5 cm to 10 cm. 

Figure 6.9. Simulation results of charged sphere passing through horizontal double 

copper rings (ρs = 10 μC/m2, rs = 0.5 cm, the radii of the double horizontal copper 

rings are the same, rc = 1.5 cm). (a) Electric potential difference between double 

horizontal copper rings when the closest distance between the double horizontal 

copper rings S0 changes (S0 = 0.5 cm, 1 cm, 2 cm, 3 cm, 5 cm, and 10 cm). (b) 

Electric potential and (c) surface charge density of both horizontal copper rings 

under OC conditions when S0 = 0.5 cm. (d) Surface charge density comparison 

when the horizontal double copper rings are under OC and SC conditions. (e) 

Distribution of electric potential (colors) and electric field (arrows) when the 

charged sphere passes through the double horizontal copper rings. (f) Contours of 

the electric potential (V) under OC conditions when the distance between the double 

horizontal copper rings S0 changes (S0 = 0.5 cm, 2 cm, and 5 cm). 

• List of Tables 
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Chapter 1. Introduction 

1.1 General background of triboelectric nanogenerator 

1.1.1 Unraveling TENG's Origins 

The triboelectric effect is a common phenomenon we encounter daily. It 

happens when two distinct materials touch, often leading to what many industries 

view as a problematic outcome. This is because the static charges from this effect 

can cause issues like ignitions, dust explosions, and electronic damage, to name a 

few. Historically, these charges were seen primarily as potential hazards. However, 

from an energy perspective, they can be viewed as a form of stored capacitive 

energy. Early inventors recognized this potential, giving rise to classic devices like 

the friction machine and the Van de Graaff generator[1]. While triboelectrification's 

main applications had been limited to processes like air filtering and photocopying, 

its potential was vastly underutilized. 

This limited view began to change in 2012 when Wang's group introduced the 

triboelectric nanogenerators (TENGs) (Figure 1.1), redefining our perception of 

triboelectrification from mere "electrostatic charging" to a promising means of 

"electricity generation". This innovative approach opened new horizons for energy 

harvesting and creating self-powered devices[2]. The brilliance of TENGs lies in 

their ability to harness the triboelectric effect and combine it with electrostatic 

induction. So, while the triboelectric effect places static charges on materials that 

touch, electrostatic induction uses these charges to convert mechanical energy into 

electricity, capitalizing on the principles of Maxwell's displacement current.
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Figure 1.1. Schematic illustration of the first TENG and its operation cycle.[2] 

To charge dielectric polymers, such as those used in dielectric balls, one 

typically employs a process called triboelectric charging, which is contact 

electrification (CE) in the thesis. This involves rubbing or contacting two different 

materials, causing an exchange of electrons between them. The resulting imbalance 

of charges leads to one material becoming negatively charged while the other 

becomes positively charged. For example, if a dielectric polymer is rubbed with a 

material that has a higher electron affinity, the polymer may lose electrons and 

become positively charged. Conversely, if it is rubbed with a material that has a 

lower electron affinity, the polymer may gain electrons and become negatively 

charged. Materials with high dielectric constants and low conductivity can help 

maintain charge stability. Materials with these properties such as PTFE and Kapton 

can effectively store charge for longer periods of time. 

 

1.1.2 Basic working Modes of TENG 

Contact-Separation Mode 

The contact-separation mode of TENG operates on a simple principle 

involving two dielectric materials with different tendencies to attract electrons. At 
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least one of these materials is an insulator, as depicted in Figure 1.2a[3]. When 

these two materials come into contact, they generate opposing static charges on 

their surfaces due to their unique electron affinities. As the materials separate, this 

touching and parting create a voltage difference between the electrodes found on 

their outer layers. When these electrodes are connected with an external device, the 

electrical difference pushes electrons from one electrode to flow towards the other, 

trying to neutralize the imbalance. However, when the materials contact again, this 

voltage difference disappears, causing the previously moved electrons to return to 

their original position. In essence, by repeatedly touching and then separating the 

two materials, electrons are made to oscillate between the electrodes. This 

consistent movement produces an alternating current (AC) in any connected 

external circuit. 

Lateral-Sliding Mode 

In the lateral-sliding mode of TENG, the focus is on the relative sliding of two 

dielectric materials against each other, as illustrated in Figure 1.2b[3]. When these 

materials—each possessing unique triboelectric properties—make contact, a 

consequential surface charge transfer arises, attributable to the Contact 

Electrification (CE) effect. In situations where the contacting surfaces are perfectly 

aligned, the electrical landscape remains static. This stasis is due to the 

comprehensive balance between the positive charges on one material and the 

negative charges on the other, ensuring no current is initiated. However, when an 

external force instigates a relative shift parallel to their interfacing boundary, this 

electrostatic equilibrium is perturbed. The ensuing misalignment means that the 

triboelectric charges no longer counterbalance. This imbalance then forges an 

effective dipole polarization, aligning itself with the displacement's direction. As a 
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direct result, a discernible potential difference emerges across the paired electrodes. 

Single-Electrode Mode 

The single-electrode configuration of TENGs is especially adept at monitoring 

the motion of unanchored objects. In the context of a coupled dielectric and metal 

plate configuration, as shown in Fig. 1.2c[3], the proximity of a charged dielectric 

instigates an induction current within the metal plate, a response to equilibrate the 

electrostatic environment. As the dielectric recedes from this metal plate, the 

induced current reroutes itself to the ground. This mode finds its primary utility in 

harnessing energy from autonomously moving entities without necessitating direct 

wired connections. Typical applications encompass human ambulation, vehicular 

motion, keystrokes, among other dynamic activities. 

Free-Standing Mode 

The free-standing mode is ingeniously devised to mitigate frictional forces 

between paired dielectrics (as referenced in Fig. 1.2d [3]. When a set of congruent, 

symmetrically-positioned electrodes is situated beneath a dielectric layer—

maintaining dimensions commensurate with the mobile object and ensuring a 

minute separation between the object and electrode—an intriguing dynamic ensues. 

If the moving object, having been pre-charged via a triboelectric mechanism, draws 

near or retreats from these electrodes, it induces an asymmetric charge distribution 

within the intermediary medium. This asymmetry prompts electron movement 

between the paired electrodes, aiming to restore local potential equilibrium. 

Resultantly, the rhythmic oscillations of the electrons in response to the object's 

oscillatory motion yield an AC current output. Noteworthy is this mode's dual 

capability: it not only capitalizes on the energy from mobile objects but also 

maintains the system's portability, obviating the need for grounding. 
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Rolling Mode 

The rolling mode, as depicted in Fig. 1.2e, represents a synthesis of the four 

previously described modes[4; 5]. Its primary mechanism leverages the rolling 

contact electrification (CE) that transpires between spheres and a solid substrate. 

Thoughtful electrode design beneath this substrate can lead to the generation of 

power, attributed to the disrupted charge equilibrium instigated by the rolling 

spheres. A salient advantage of this mode is its capacity to substantially diminish 

material wear during triboelectrification, all while preserving a robust output. 

  

Figure 1.2. Coordination system and mathematical parameters defined for 

describing (a) contact-separation, (b) lateral-sliding mode, (c) single-electrode 

mode, (d) free-standing mode, and (e) rolling mode TENGs, respectively. 

 

1.2 Electric Double Layer Model and Solid-liquid TENG 

1.2.1 Traditional Electric Double Layer Model 

The Electric Double Layer (EDL) model stands as a cornerstone in 

electrochemistry, shedding light on the intricate dynamics of charge and 
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potential distribution at the liquid-solid juncture. The roots of this model trace 

back to Helmholtz's 1853 study[6], where he posited the existence of two 

juxtaposed layers of counter charges at the electrode/electrolyte boundary. 

While Helmholtz's contribution marked a pivotal point, the model wasn't 

exempt from scrutiny. The year 1913 saw Gouy and Chapman[7] presenting an 

enhancement; they proposed that ions, rather than being firmly anchored to the 

solid boundary, spread across a thin neighboring layer. 

The EDL's understanding underwent a transformation in 1924 when Stern 

merged the insights from Helmholtz's foundational model with the adjustments 

posited by Gouy and Chapman[8]. This integrated framework underscored two 

distinct charge regions: the Stern Layer (SL) and the Diffuse Layer (DL). The 

SL is distinguished by its ions, frequently in a hydrated form, adhering tightly 

to the electrode with their charge. Conversely, the DL is characterized by a 

concentration gradient of ions, wherein ions antipodal to the electrode's charge 

diminish in presence as the distance from the electrode surface increases. 

Fig. 1.3 visually presents the combined Gouy–Chapman–Stern (GCS) 

EDL model, a construct that has notably influenced research domains such as 

electrolyte capacitors, electrowetting, and electrochemical reactions. Central to 

this model is the external field's role in EDL formation, particularly discernible 

in pre-charged insulators and electrodes subjected to an external field. It holds 

particular relevance for materials with specialized chemical constituents, for 

instance, carbon derivatives enriched with carboxylic groups (-COOH) that 

inherently magnetize ions. Its wide applicability spans not only traditional areas 

like corrosion prevention and energy storage but also extends to 

interdisciplinary fields, including biomedical engineering. 
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Figure 1.3. Typical models of an EDL. (a) Schematic of an EDL in a liquid in 

contact with a positively-charged solid. If the solid is negatively-charged, the 

charge distribution will be the inverse. Schematic of the (b) Helmholtz plate EDL 

model, (c) Gouy–Chapman diffuse EDL model, (d) Stern EDL model, and (e) BDM 

EDL model. 

1.2.2 EDL model for solid-liquid triboelectric nanogenerator 

The hybrid EDL model, known as Wang's hybrid layer, introduced by 

Wang et al.[9], sheds new light on solid-liquid interface dynamics in 

Triboelectric Nanogenerators. Instead of solely attributing the charge exchange 

process to ion adsorption, this model’s foundation rests on a “two step” 

mechanism and emphasizes the significant role of electron transfer. Initially, 

due to thermal motion and liquid pressures, liquid molecules interact with the 

solid surface, facilitating electron transfer. This is particularly prominent in 

fluorine-rich materials. Once this electron movement occurs, free ions in the 
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liquid are attracted to the electrified surface, forming an EDL, resembling 

traditional models. However, simultaneous ionization reactions occur, 

producing both electrons and ions. A notable product of this process is the H2O+ 

cation, which quickly transforms into OH and H3O+ radicals[10; 11]. 

Key insights from the hybrid EDL model include the intertwined nature of 

ionization reactions and electron transfers in affecting potential distribution. 

This is evident in specific cases like the CE between SiO2-water and PTFE-

water[12; 13]. Furthermore, the model reveals nuances in electron trapping at 

surface states and the pivotal role of electron transferrin solid-liquid CE. 

Beyond elucidating charge distributions, the model emphasizes the intricate 

behavior of electrons, whether sequestered in surface states or engaged in 

essential transfers, which subsequently dictate the solid-liquid interactions in 

Nanogenerators. 

1.3 Purpose of this Work 

This research delves into the intricacies of the solid-liquid TENG, an area 

progressively attracting attention across multidisciplinary research fields. 

Recognizing a gap in the literature concerning the mechanisms of the solid-

liquid triboelectric nanogenerators, this thesis aspires to bridge this void. 

The initial chapters establish a foundational understanding of TENG and 

its research trajectory, followed by an extensive literature review in Chapter 2, 

which examines the characteristics of solid interfaces, the underlying physical 

concepts, and their prospective applications. Subsequent chapters are 

methodologically oriented, with Chapter 3 detailing the experimental 

framework, Chapter 4 analyzing the electrical performance of the water-solid 

mode TENG, Chapter 5 investigating the output performance of copper ring 

based non-contact TENG and Chapter 6 extending insights through simulation 
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studies. The research concludes in Chapter 7, offering integrated perspectives 

and highlighting potential future research directions, thereby emphasizing the 

overarching relevance and contribution of this study in the TENG landscape. 

1.4 Structure of the Thesis 

This thesis is organized into seven distinct chapters, the details of which are 

outlined below: 

Chapter 1 provides an introduction to the general background of TENG, 

emphasizing the foundational theory of solid-liquid TENG. It further delves into 

the prevailing research interests concerning this topic. 

Chapter 2 offers an exhaustive literature review on the triboelectricity at the 

solid-liquid interface. This chapter focuses on variations in the solid interface and 

the underlying physical principles, as well as potential applications of solid-liquid 

TENG. 

Chapter 3 delineates the experimental methodologies, encompassing the 

fabrication process, instruments used, and the simulation software and procedures 

employed. 

Chapter 4 discusses the electrification performance and mechanisms of the 

water-solid mode TENG. The work in chapter 4 is published on ACS nano, DOI: 

10.1021/acsnano.1c00795. 

Chapter 5 developed a copper ring based TENG, generating power based on 

electrostatic induction only.  

Chapter 6 evaluates simulation outcomes related to electrical characteristics 

under varied circuit conditions for three representative non-contact TENG models. 

The work in chapter 5 and chapter 6 is published on EcoMat, DOI: 

10.1002/eom2.12392. 
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Chapter 7 culminates the thesis with a summary of the primary conclusions 

drawn from my PhD research. It further posits potential future avenues and 

applications of solid-liquid TENG in interdisciplinary studies. 
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Chapter 2. Literature Review 

2.1 Introduction  

TENGs have emerged as a promising technology for energy harvesting[14-

19], converting mechanical energy into electrical energy through the triboelectric 

effect and electrostatic induction. The triboelectric effect refers to the phenomenon 

of charge transfer that occurs when two dissimilar materials come into contact and 

separate. This effect has been extensively studied in solid-solid interfaces, where 

materials with different electron affinities and work functions interact to generate 

static electricity. However, the exploration of the triboelectric effect at the solid-

liquid interface, where one of the materials is in a liquid state, has gained significant 

attention in recent years. The concept of solid-liquid interface triboelectricity brings 

about new opportunities and challenges. Liquid-solid TENGs offer unique 

advantages over their solid-solid counterparts, such as flexibility, adaptability, and 

the ability to harvest energy from various liquid-based environments. These 

characteristics make them particularly suitable for applications in fields such as 

biomechanics, environmental monitoring, wearable devices, and human-machine 

interfaces. Furthermore, the abundance and diverse properties of liquids provide a 

rich platform for exploring novel materials and engineering designs to enhance the 

performance and efficiency of TENGs. 

This review section focuses on the fundaments and applications of solid-liquid 

interface triboelectricity, aiming to provide a comprehensive understanding of the 

field and highlight its potential for various technological advancements. We begin 

by defining the concept of solid-liquid interface triboelectricity and discussing its 

historical development. We delve into the motivations behind exploring liquid-

solid TENGs, including the need for sustainable energy harvesting, the advantages 
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of liquid-based environments, and the unique challenges associated with this 

interface. The subsequent sections of this literature review delve into the 

fundamental working modes of liquid−solid TENGs, exploring three key modes: 

liquid-dielectric, liquid-semiconductor, and liquid-metal. Each mode has distinct 

properties and mechanisms, which we will discuss in detail, drawing upon relevant 

studies and experimental findings. We will explore the physical fundament of 

liquid−solid TENGs, including the "Wang Transition" for Contact Electrification 

(CE) and Wang's Hybrid Electric Double Layer (EDL) model, as well as the 

mechanisms of liquid−solid CE based on density functional theory. Understanding 

the charge transfer and charge states at the liquid-solid interface is crucial for 

comprehending the underlying mechanisms of liquid−solid TENGs. Therefore, we 

will delve into the theoretical and experimental investigations of charge states at 

the interface and discuss their implications for device performance and energy 

harvesting efficiency. Furthermore, this review section will explore the broad range 

of applications enabled by liquid−solid TENGs. We will discuss their role as 

micro/nano-power sources, providing sustainable energy for various devices and 

systems. Additionally, we will examine their utility as self-powered sensors, 

enabling autonomous and continuous monitoring in diverse applications. 

Furthermore, we will explore the integration of liquid−solid TENGs into scanning 

probe systems, offering enhanced imaging capabilities and nanoscale manipulation. 

Finally, we will discuss other emerging applications, such as blue energy harvesting, 

water and wastewater treatment and the electrowetting technique. 

In conclusion, literature section aims to provide a comprehensive overview of 

the emerging field of solid-liquid interface triboelectricity. By exploring the 

fundamental working modes, physical fundament, charge transfer mechanisms, and 
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applications of liquid−solid TENGs, we aim to foster a deeper understanding of the 

underlying principles and potential applications of this technology. Through a 

comprehensive examination of the literature and key research findings, we strive to 

shed light on the advancements made in the field and highlight the challenges and 

opportunities that lie ahead. It is our hope that the literature review section will 

serve as a valuable resource for researchers, engineers, and professionals interested 

in the field of solid-liquid interface triboelectricity. By providing a detailed 

exploration of the fundamental concepts, mechanisms, and applications, we aim to 

inspire further research and innovation in this rapidly evolving area. 

2.2. Three fundamental working modes of the Liquid−Solid 

TENG 

2.2.1 Liquid-dielectric mode 

The liquid-dielectric mode is one of the fundamental working modes in the 

realm of solid-liquid interface triboelectric nanogenerators (TENGs). In this mode, 

the interface between a liquid and a dielectric material is utilized to induce 

triboelectric charging and subsequent energy harvesting. The liquid employed in 

this mode serves as the medium for charge transfer and ion adsorption. The working 

principle of the liquid-dielectric mode can be understood as follows: When a 

dielectric material comes into contact with a liquid, a charge transfer occurs due to 

the difference in electron affinity and electronegativity between the two materials. 

The contact electrification process leads to the redistribution of charges, resulting 

in the generation of a voltage potential across the interface. Upon separation, the 

accumulated charges are further separated, creating an electrical potential 

difference that can be harvested as electrical energy[20-24].  
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Numerous studies have explored the liquid-dielectric mode and demonstrated 

its potential for efficient energy conversion. Various liquids have been investigated, 

including water, organic solvents, and electrolytes. For example, You et al. [25] 

reported the use of water as the liquid medium in a liquid-dielectric TENG, where 

multidielectric layer constructed from polyimide (Kapton) tape and 

polytetrafluoroethylene (PTFE) films served as the dielectric material (Figures 

2.1a, 2.1b and 2.1c). They developed an equivalent circuit model and governing 

equations for the water−solid mode TENG, which can be extended to other types 

of liquid−solid TENGs. Their model, based on the first-order lumped circuit theory, 

represents the water−solid TENG as a series connection of two electric double layer 

capacitors and a water resistor. By examining the output characteristics and critical 

influences of the model, they provided insights into the relevant physical 

mechanisms underlying the operation of the water−solid mode TENG. Similarly, 

Zhao et al. [26] introduced a self-powered, long-lasting, and highly selective oil–

solid triboelectric nanogenerator (O-TENG) for energy harvesting and intelligent 

monitoring (Figures 2.1d and 2.1e). The O-TENG exhibited excellent electrical 

output, outperforming O-TENGs made from commercial dielectric materials. The 

O-TENG-based sensor exhibited exceptional sensitivity and remarkable durability, 

present a promising approach for enhancing the output and durability of O-TENGs 

in oil–solid contact, while also enabling intelligent energy harvesting and oil 

condition monitoring. Nie et al. [27] conducted a comprehensive investigation to 

elucidate the mechanism of contact electrification between a liquid triboelectric 

layer and a solid material (Figure 2.1f). Their study focused on the 

triboelectrification process between PTFE and various solvents, including water, 

NaCl, and CuSO4. The findings revealed that the charge transfer between water 
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and PTFE primarily involved electron transfer, while ion transfer played a 

dominant role in the charge transfer between ionic liquids (e.g., NaCl) and PTFE. 

The concentration of ions in the solution played a crucial role in the amount of 

transferred charges. Initially, as the ion concentration increased, the transferred 

charges also increased. However, after reaching a peak, the transferred charges 

gradually decreased and eventually reached zero. This behavior was attributed to 

the accumulation of ions at the solid-liquid interface, leading to a decrease in the 

electron transfer process due to the screening effect. Notably, irrespective of the 

type of ion, the amount of charge generation between the ionic liquids and PTFE 

exhibited a similar pattern. In the cases of NaCl and CuSO4, the maximum charge 

transfer occurred at an ion concentration of 1 × 10-5 mol L−1 upon contact with the 

PTFE surface. These findings provide valuable insights into the charge transfer 

mechanisms between liquid triboelectric layers and solid materials, shedding light 

on the intricate interplay between electron and ion transfers in contact 

electrification phenomena.  

Notably, Shiquan Lin et al. [28] conducted a study focused on quantifying 

electron transfer in liquid-solid contact electrification and investigating the 

formation of the electric double-layer (Figure 2.1g). In their investigation, Lin et 

al. examined the contact electrification between liquids and solids and studied the 

decay of charge on solid surfaces after liquid-solid contact under different thermal 

conditions. To differentiate the contribution of electron transfer from that of ion 

transfer on the charged surfaces, they applied the theory of electron thermionic 

emission. Their comprehensive study revealed the presence of both electron 

transfer and ion transfer in liquid-solid contact electrification. Building upon these 

findings, the researchers proposed a two-step model that encompasses electron 
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and/or ion transfer, and they successfully demonstrated the formation of an electric 

double-layer in the process of liquid-solid contact electrification. 

Furthermore, Haiyang Zou et al. [29] made significant contributions to the 

understanding of the triboelectric series, which is essential for characterizing 

charge transfer between liquid and solid materials (Figure 2.1h). By introducing a 

universal method to quantify the triboelectric series for various polymers, they 

established a fundamental materials property for quantitative triboelectrification. 

Through experiments involving the measurement of materials with a liquid metal 

under well-defined conditions, their method standardized the evaluation of surface 

triboelectrification. They derived a normalized triboelectric charge density, which 

revealed the intrinsic character of polymers in terms of gaining or losing electrons. 

This quantitative triboelectric series serves as a textbook standard, facilitating the 

application of triboelectrification for energy harvesting and self-powered sensing 

purposes. The research by Haiyang Zou et al. clarifies the charge polarity and 

magnitude in liquid-solid interactions, contributing to the design and optimization 

of liquid-dielectric TENGs. 

Moreover, to enhance the performance of the liquid-dielectric mode in solid-

liquid interface triboelectric nanogenerators (TENGs), researchers have explored 

various design configurations. These include the use of structured surfaces such as 

micro/nanostructured patterns or porous materials, which effectively increase the 

contact area and facilitate more efficient charge transfer. Additionally, the 

introduction of functional coatings or surface modifications on the dielectric 

material has been investigated to alter its surface properties and enhance the 

triboelectric charging process. 

These studies, among others, collectively contribute to the growing body of 
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knowledge in the field of liquid-dielectric TENGs. By elucidating the underlying 

mechanisms and providing insights into performance enhancement, they pave the 

way for practical applications of these devices. In summary, the liquid-dielectric 

mode of solid-liquid interface TENGs offers a promising avenue for energy 

harvesting. By leveraging the interface between a liquid and a dielectric material, 

charge transfer and separation can be achieved, leading to the generation of 

electrical energy. Through careful selection of liquid and dielectric materials, as 

well as design optimization, the performance of liquid-dielectric TENGs can be 

significantly improved, enabling their application in micro/nano-power sources, 

self-powered sensors, and other emerging fields. 
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Figure 2.1. Typical liquid-dielectric mode TENG. (a) Schematic diagram of the 

three-dimensional water−solid TENG array, (b) Typical electrical double layer 

formed on the water−dielectric interface area and the relevant variation of 

electrostatic potential φ with distance x from the electrode and (c) The full 

equivalent circuit model of the water−solid triboelectric nanogenerator. (d) 

Schematic illustration on the triboelectric mechanism of the FO-TENG (The O-
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TENG modified with different amounts of Fc(x) and Fs(y) is noted as FO-

TENG(x–y)) and (e) transferred charge curves of the FO-TENG compared with 

other O-TENGs for oil-solid contact. (f) Method for testing the amount of charge 

on water droplet after L-S friction. (g) Simplified model of the measurement 

method. The tested material contacts the liquid metal of mercury, and then separates 

periodically. The positive electrode of the electric meter is connected to the mercury, 

and the negative is connected to the copper electrode. (h) The setup of AFM 

platform for the thermionic emission experiments. 

 

2.2.2 Liquid-Semiconductor mode 

The liquid-semiconductor mode is another fundamental working mode in the 

realm of solid-liquid interface triboelectric nanogenerators (TENGs). In this mode, 

the interface between a liquid and a semiconductor material is utilized to induce 

triboelectric charging and subsequent energy harvesting. The presence of a 

semiconductor in contact with the liquid enables the generation and separation of 

charges through the tribovoltaic effect. The working principle of the liquid-

semiconductor mode can be understood as follows: When a semiconductor material 

comes into contact with a liquid, the contact electrification process induces the 

transfer of electrons between the two materials. This electron transfer generates a 

voltage potential at the liquid-semiconductor interface. Subsequent charge 

separation occurs upon separation of the materials, resulting in the formation of an 

electrical potential difference that can be utilized for energy harvesting.  

Several studies have explored the liquid-semiconductor mode and 

demonstrated its potential for efficient energy conversion[30-32]. For instance, 

Shiquan Lin et al. [33] designed experiments to investigate the tribovoltaic effect 
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at aqueous solution and silicon interface, in which a syringe conductive needle was 

used to drag a DI water droplet to slide over a silicon wafer surface (Figure 2.2a), 

and the tribo-current and tribo-voltage were recorded (Figures 2.2b and 2.2d). It 

was found that a DC tribo-current can be generated during the sliding, as shown in 

Fig. 2.2d. The direction of the tribo-current was from p-type silicon to the aqueous 

solution or from aqueous solution to the n-type silicon in the external circuit, 

implying that the electrons moved from p-type silicon side to the aqueous solution 

side or from n-type silicon side to the aqueous solution side at the interface. 

Combining I-V characterizations, the direction of the tribo-current at the sliding 

aqueous solution-silicon interface was found to be the same with the direction of 

the built-in electric field at the interface, which was consistent with the tribovoltaic 

effect. 

In the realm of tribovoltaic effect research, the impact of temperature on 

liquid-solid interfaces has been investigated by Mingli Zheng et al. [34]. Their 

study delved into the relationship between temperature and the tribo-voltage and 

tribo-current at interfaces such as water/Si and water/metal during sliding (Figure 

2.2e). The findings unveiled a direct correlation, indicating that increasing the 

temperature resulted in higher tribo-voltage and tribo-current outputs (Figure 2.2f). 

Furthermore, the researchers demonstrated the synergistic effect of the liquid's pH 

value and temperature on the tribovoltaic effect. To explain the observed data, an 

energy band model was proposed (Figure 2.2c), highlighting the role of 

"bindington" energy—energy released through the formation of chemical bonds 

between the liquid and solid—in driving the generation of the tribovoltaic effect. 

These significant findings shed light on the intricate interplay between temperature, 

pH value, and the tribovoltaic effect at liquid-solid interfaces, contributing to the 
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advancement of energy harvesting technologies in this domain. 

These studies, among others, have contributed to advancing the understanding 

of the liquid-semiconductor mode and its applications in energy harvesting. By 

leveraging the unique properties of semiconductors in conjunction with liquid 

materials, charge transfer and separation can be achieved, enabling the conversion 

of mechanical energy into electrical energy.  

 

Figure 2.2. Typical liquid-semiconductor mode TENG. (a) The setup of the 

tribovoltaic experiments and the external circuit, (b) the oscillogram of open-circuit 

voltage when a DI water droplet slides on the P-type silicon wafer (0.1 Ω cm) at 20 
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mm/s, and the droplet static contact diameter is 2.5 mm, (d) the oscillogram of 

short-circuit current when a DI water droplet slides over the P- type silicon wafer 

(0.1 Ω cm) at 20 mm/s, and the droplet static contact diameter is 2.5 mm. (c) Energy 

band diagram of the N-type Si and the DI water, (e) the setup of the experiments 

and (f) a schematic diagram of the generation of tribo-current. 

 

2.2.3 Liquid−Metal mode 

The liquid-metal mode is a significant working mode in the realm of solid-

liquid interface triboelectric nanogenerators (TENGs). In this mode, the interface 

between a liquid and a metal material is utilized to induce triboelectric charging 

and subsequent energy harvesting. The presence of a metal in contact with the 

liquid enables efficient charge transfer and separation through various mechanisms. 

The working principle of the liquid-metal mode can be understood as follows: 

When a metal material comes into contact with a liquid, the contact electrification 

process induces charge transfer between the two materials. This charge transfer 

occurs due to the difference in work functions and electron affinities between the 

metal and the liquid. The redistribution of charges at the liquid-metal interface leads 

to the generation of a voltage potential that can be harvested as electrical energy. 

Several studies have explored the liquid-metal mode and demonstrated its 

potential for efficient energy conversion. For instance, Jiabo Le et al. [35] provided 

theoretical insights into the vibrational spectra of metal-water interfaces using 

density functional theory-based molecular dynamics (Figure 2.3a). Although their 

study focused on the vibrational properties, it contributed to the understanding of 

the interface behavior between metals and liquids, which is crucial for elucidating 

the charge transfer mechanisms and optimizing the performance of liquid-metal 
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mode TENGs. 

In addition, another study by Jun Zhao et al. [36] presented a direct-current 

fluid-flow-based TENG (DC-FluTENG) for mechanical-to-electrical energy 

conversion from flowing water (Figure 2.3b). The falling of a water droplet from 

a pipe was demonstrated to generate direct current in the external circuit by 

contacting a separated electrode. The device exhibited distinct characteristics of 

pulsed direct current, enabling it to directly drive electronic devices without 

requiring a rectifier (Figure 2.3c). The experimental results showed an open-circuit 

voltage of 35 V, a short-circuit current of 3.7 μA, and a peak power of 57.6 μW. 

The DC outputs of the device allowed for improved portability and energy 

utilization efficiency, with the ability to directly power commercial temperature 

and humidity IoT sensors. The study also investigated factors such as water droplet 

type, flow rate, and electrode material, which affected the output performance of 

the direct-current fluid-flow-based TENG. 

The liquid-metal mode offers unique advantages due to the excellent electrical 

conductivity of metals. This enables efficient charge transfer and low-resistance 

pathways for current flow, leading to improved energy harvesting capabilities. 

Additionally, the selection of appropriate metal materials and the optimization of 

their surface properties can further enhance the performance of liquid-metal 

TENGs.  

It is worth noting that the liquid-metal mode can be explored with different 

liquid media, such as water, organic solvents, or electrolytes, depending on the 

specific application requirements. The choice of the liquid influences the charge 

transfer mechanisms and the overall performance of the TENG system. 

In summary, the liquid-metal mode of solid-liquid interface TENGs offers a 
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promising approach for energy harvesting. By utilizing the interface between a 

liquid and a metal material, efficient charge transfer and separation can be achieved, 

enabling the conversion of mechanical energy into electrical energy. Further 

research and optimization in this mode will contribute to the development of 

practical applications in micro/nano-power sources, self-powered sensors, and 

other emerging fields. 

 

Figure 2.3. Typical liquid-metal mode TENG. (a) Side (left) and top (right) views 

of a snapshot of the Pt (111)–water interface from a DFTMD trajectory. Pt, watA, 

watB and watC are colored in grey, blue, magenta and red, respectively. The 

isosurfaces represent the electron density difference profile of the interface before 

and after water interacts with the metal surface electronically, and the regions 

colored in cyan and yellow indicate electron depletion and accumulation, 

respectively. (b) Schematic showing the experimental setup of DC–FluTENG and 
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(c) structure diagram of DC–FluTENG in comparison with a conventional single–

electrode–based TENG. 

2.3 Physical fundament of Liquid−Solid TENG 

2.3.1 “Wang Transition” for CE and Wang’s Hybrid EDL Model 

Contact electrification at the liquid-solid interface is a complex phenomenon 

that plays a crucial role in the operation of solid-liquid interface triboelectric 

nanogenerators. Traditionally, CE has been extensively studied in solid-solid 

interfaces, where charge transfer occurs between two solid materials upon contact 

and separation. However, the introduction of liquids into the CE process introduces 

additional complexities due to the presence of ions and the formation of EDLs. 

Understanding the underlying processes of CE and the formation of electric double 

layers is essential for optimizing the performance of liquid-solid TENGs. The 

"Wang transition" and Wang's hybrid EDL model provide valuable insights into 

these processes, shedding light on the mechanisms involved at the liquid-solid 

interface[37-40].  

As depicted in Fig. 2.4 [41], the peak energy level (highest occupied energy 

level of an atom) occupied by an atom from material A exceeds that of an atom 

from material B. In the absence of close contact, there's no overlap of the electron 

clouds of atoms from both materials. Consequently, electrons will not transfer from 

atom A to B, attributable to the formidable potential barrier between them. The 

overlap of electron clouds within charge exchange (CE) processes facilitates 

electron transfer and can be interpreted as the formation of a chemical bond with 

an extended bond length relative to traditional chemical bonds. Upon the separation 

of two contacting surfaces, atom A, which has undergone electron loss, is 

influenced by the surrounding atoms on the material A surface. This interaction 
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leads to the bond between the two atoms (atom A and atom B) extending in length 

and eventually breaking, and atom A will separate from atom B, resulting in CE.  

 

Figure 2.4. (a) An electron-cloud-potential-well model proposed for explaining CE 

and charge transfer. d, distance between two nuclei; EA and EB, occupied energy 

levels of electrons; E1 and E2, potential energies for electrons to escape. (b) 

Interatomic interaction potential between two atoms when they are at equilibrium 

position. 

The electron transfer process is a strong effect that should be considered 

during the CE between liquid and solid, and thus the electron transfer should not be 

ignored in the formation of the EDL. Wang’s hybrid layer, which is firstly proposed 

by Wang et al. in 2018 [41], and a “two-step” process for the formation are 

elaborated with the consideration of both electron transfer and ion adsorption 

(chemical interaction). Initially, liquid molecules and ions engage the solid surface 

due to thermal activity and liquid pressure. The overlapping electron clouds 
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between solid atoms and water molecules facilitate electron exchange. Traditional 

EDL models suggest that the ionized interaction on the liquid-solid interface 

induces more charges on the surface, which results in the charge distribution and 

compensation in the diffusion layer. In the hybrid layer, the charge transfer between 

solid and liquid molecules causes even more charges to be accumulated at the 

surface. This electron transfer process works parallel with ion adsorption 

process[40]. Lin et al. [28]studied the CE between liquids and solids and 

investigated the decay of CE charges on the solid surfaces after liquid-solid CE at 

different thermal conditions (Figures 2.5c and 2.5d). The contribution of electron 

transfer is distinguished from that of ion transfer on the charged surfaces by using 

the theory of electron thermionic emission. Their experiments show that there are 

both electron transfer and ion transfer in the liquid-solid CE. This is the first time 

that the “two-step” model about the formation of EDL, in which the electron 

transfer plays a dominant role in liquid-solid CE, is verified experimentally. 

These studies, along with others, have significantly advanced our 

understanding of CE at the liquid-solid interface and the formation of EDLs. The 

"Wang transition" and Wang's hybrid EDL model serve as critical tools for 

investigating and comprehending the complex charge transfer mechanisms and the 

behavior of the EDL in liquid-solid CE. 
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Figure 2.5. (a)-(b) Wang’s hybrid EDL model and the “two-step” process on 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, which leads to 

electron transfer between them; meanwhile, 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. (c) The setup of the 

charging experiments, where the negative charges generated on the SiO2 surface 

could be electrons and O− ions induced by surface ionization reaction. (‘O’ is the 

Oxygen atom, ‘Si’ is the silicon atom and ‘O−’ is the Oxygen ion). (d) The decay of 

the CE charge (induced by contacting with the DI water at room temperature) on 

the SiO2 surface at different substrate temperatures. 

 

2.3.2 Liquid−Solid CE based on Tribovoltaic effect 

The tribovoltaic effect, a phenomenon that involves the generation of an 

electric potential difference upon contact and separation between different 

materials, has garnered significant attention in the context of liquid−solid contact 

electrification within the field of triboelectric nanogenerators. This section explores 
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the fundamental principles and mechanisms underlying liquid−solid CE based on 

the tribovoltaic effect [31; 33; 41-47].  

The tribovoltaic effect generates an electric potential through the combination 

of contact electrification (CE) and the triboelectric effect. When two surfaces with 

different electronegativities come into contact, the newly formed bond releases 

energy known as "bindington." The tribovoltaic effect is responsible for CE 

involving semiconductors, in which electrons are excited at the P-N junction or the 

Schottky junction during friction. The excited electrons are further driven by the 

built-in electric field to move from one side to the other side at the interfaces, 

generating a direct current. The effect is similar to the photovoltaic effect, with the 

only difference being that the electron-hole pairs in the triboelectric effect are 

excited by the "bindington" rather than light irradiation. The tribovoltaic effect in 

liquid−solid CE is governed by various factors, including the materials involved, 

their surface properties, and the nature of the liquid medium. Researchers have 

extensively investigated this effect to understand its mechanisms and optimize its 

performance in TENG applications. 

Chi Zhang and Zhong Lin Wang’s group, in their study [45], were the first to 

demonstrate the presence of the tribovoltaic effect between metal and solid surfaces. 

They introduced a metal-semiconductor direct-current triboelectric nanogenerator 

(MSDC-TENG) built on the principle of the tribovoltaic effect (Figure 2.6a). This 

effect is enhanced by the direct voltage and current generated when a 

metal/semiconductor is rubbed against another semiconductor. The forming atomic 

bonds release frictional energy, exciting non-equilibrium carriers which, under the 

influence of the built-in electric field, are separated directionally to form a current. 

When the metal and silicon are slid against each other, the MSDC-TENG 
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consistently exhibits an open-circuit voltage (10–20 mV) (Figure 2.6b), short-

circuit direct-current output (10–20 μA) (Figure 2.6c), and a low impedance 

characteristic (0.55–5 kΩ). The researchers conducted a systematic study on these 

working parameters to understand their effects on electrical output and impedance 

characteristics. This groundbreaking work not only broadens the scope of material 

candidates for TENGs to include semiconductors in addition to organic polymers, 

but also provides a fresh perspective on an electric energy conversion mechanism 

based on the tribovoltaic effect.  

Additionally, a study conducted by Shiquan Lin et al. [33] explored the 

tribovoltaic effect at liquid-semiconductor interfaces. This research involved 

generating both tribo-voltage and tribo-current by moving a droplet of DI water 

across a silicon surface with varied doping types and concentrations. The analysis 

of voltage-current measurements indicated the presence of a built-in electric field 

at the interface between the DI water and silicon. The direction of both the tribo-

voltage and tribo-current was found to be dependent on this built-in electric field, 

which suggests that the tribo-voltage and tribo-current were induced by the 

tribovoltaic effect. Consequently, it can be inferred that the energy released from 

electron transfer, when the liquid contacts the silicon, stimulates the electron-hole 

pairs at the silicon surface. Driven by the built-in electric field at the liquid-solid 

junction, the electron and hole are separated, culminating in the observed tribo-

voltage and tribo-current. This study marks a significant milestone in our 

understanding as it is, the first experimental verification of the tribovoltaic effect at 

the liquid-solid interface. 

Building on this body of research, a study by Mingli Zheng et al. [46] provided 

microscopic evidence supporting the existence of the tribovoltaic effect. They 
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successfully generated a direct current by sliding an N-type diamond coated tip 

over Si samples with various doping concentrations (Figure 2.6d). The study 

discovered that the tribo-current between the Si samples escalated in line with an 

increase in both the density of the surface states of the Si samples and the sliding 

load. This observation lends credence to the idea that the tribo-current between two 

semiconductors (or a semiconductor and a metal) is induced by the tribovoltaic 

effect. The findings suggest that at the interface, the energy released due to the 

transition of electrons from the surface states of one semiconductor to another, and 

also from bond formation across the sliding interface, could potentially excite 

electron-hole pairs. Additionally, the separation of the electron-hole pairs by the 

built-in electric field at the PN, NN, and Schottky junctions may induce the 

observed current. To the best of our understanding, this is the first time the 

tribovoltaic effect has been clearly explained and validated at a microscopic level. 

These findings also propose a novel method for enhancing the output current in 

electric generators based on the tribovoltaic effect. 

In a groundbreaking study in 2021, Zhong Lin Wang’s group [44] formulated 

the first fundamental physical mechanism of the tribovoltaic effect. This study 

centred on generating tribo-voltage and tribo-current at the DI water-semiconductor 

interfaces under light irradiation (Figure 2.6e). The research revealed that the 

directions of the tribo-current and photo-current were congruent and both 

dependent on the built-in electric field at the interface between the DI water and 

semiconductors. Significantly, it was found that light irradiation amplified the 

tribo-current, with the enhanced tribo-current intensifying proportionately to the 

light intensity and inversely to the light wavelength. This supports the hypothesis 

that the tribo-current was instigated by the tribovoltaic effect. In this process, the 
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electron-hole pairs at the interface are excited by the "bindington" and mobilised 

by the built-in electric field at the heterojunction. Furthermore, the researchers 

proposed an energy band model (Figure 2.6f) to explicate the interaction between 

the tribovoltaic and photovoltaic effects. In this model, the enhancement of the 

tribovoltaic current is attributed to the increased concentration of electron-hole 

pairs under light irradiation. 

These studies, among others, highlight the pivotal role of the tribovoltaic 

effect in liquid−solid contact electrification within the realm of TENGs. By delving 

into various material combinations and uncovering intrinsic mechanisms, 

researchers have broadened our comprehension and laid a foundation for enhancing 

the efficiency of liquid−solid TENGs. Such understanding means that the 

generation of an electric potential difference during the contact and separation of 

diverse materials can be harnessed more effectively, leading to promising 

applications in micro/nano-power sources, self-powered sensors, and beyond. 
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Figure 2.6. Liquid−Solid CE based on Tribovoltaic effect. (a)-(c) The electric 

output characteristics of the metal-semiconductor-based direct-current triboelectric 

nanogenerator (MSDC-TENG). (d) The setup of conductive atomic force 

microscopy experiment platform, the diamond coated tip was controlled to rub on 

the Si sample with a certain load, during the rubbing, the current between the tip 

and sample was recorded in the CAFM. (e) The setup of the experiments, the 
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coupling of photovoltaic effect and tribovoltaic effect at the DI water and Si wafer 

interface under light irradiation and (f) energy band diagram of the N-type Si and 

the DI water. 

2.3.3 Equivalent Circuit Model of Liquid−Solid TENG 

The development of equivalent circuit models has proven to be a valuable 

approach for understanding and analyzing the electrical behavior of TENGs, 

including those operating on the liquid-solid interface. The equivalent circuit 

models of liquid-solid TENGs typically include components such as resistors, 

capacitors, and current and voltage sources, which capture the various aspects of 

the device's operation. By utilizing equivalent circuit models, researchers can gain 

insights into the underlying mechanisms governing the electrical behavior of liquid-

solid TENGs. These models enable the optimization of device parameters, such as 

electrode geometry, material properties, and mechanical motion, to enhance the 

overall performance and energy conversion efficiency of the TENG system[48-50]. 

The theoretical frameworks proposed by Niu et al. [51-55], Jiang et al. [56] 

and Shao et al. [57] provide a solid foundation for developing these models 

specifically for liquid-solid TENGs. Delving into the realm of basic 

electrodynamics, TENGs are categorized into five distinct operational modes based 

on their foundational electrostatic induction processes. These encompass the 

contact-mode TENGs, sliding-mode TENGs, single-electrode TENGs, 

freestanding TENGs, and rotary-mode TENGs. Each operational mode of TENG 

is distinguished by its intrinsic output attributes such as open-circuit voltage, short-

circuit transferred charges, and inherent capacitance, which are elucidated 

comprehensively. As its core, the operative mechanism of TENGs is underscored 

by a conjugation of contact electrification and electrostatic induction. Through the 
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process of contact electrification, electrostatic charges are engendered and 

subsequently maintained on the dielectric surface. Subsequently, two equivalent 

capacitances emerge between the tribo-charged dielectric surface and each of the 

metal electrodes. As there is a positional shift in the dielectric, alterations in the 

ratio of these capacitances instigate electron transfer between the metal electrodes 

under short-circuit conditions. The differential behavior in these capacitance 

changes elucidates the diverse foundational modes of TENGs. These framework 

serves as a basis for constructing equivalent circuit models for various TENG 

configurations, including those operating on the liquid-solid interface. 

Wanghuai Xu et al. [58] proposed a droplet-based electricity generator (DEG) 

based on the finding that continuous impinging water droplets on a fluorinated 

material lead to a high charge density on its surface. The DEG device, illustrated in 

Fig.2.7a, is constructed by drop-casting polytetrafluoroethylene (PTFE) combined 

with a small aluminium fragment onto a glass substrate precoated with indium tin 

oxide (ITO). When a water droplet impinges and spreads on the device, it bridges 

the previously separate components, resulting in a closed-loop electrical system. In 

the associated circuit model, the expanding droplet acts as a resistor while the PTFE 

functions as a capacitor, CP, with the water/PTFE representing the top plate and 

PTFE/ITO the bottom plate. In the switched-off state, no capacitor emerges at the 

water/aluminium juncture, thereby keeping CP and C1 in an open circuit, preventing 

charge flow (see Fig. 2.7b). Conversely, in the switched-on state, the connection of 

the aluminium electrode and PTFE by the water droplet results in the creation of an 

additional capacitor, C2, at the water/aluminium boundary, converting the 

previously open circuit into a closed one. Within the circuit, Rw, RL and dq(t)/dt in 

the circuit are the impedance of the water droplet, the impedance of the external 
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load and the time derivative of the transferred charge, respectively. This circuit 

model effectively predicts the DEG device's output characteristics, aligning with 

experimental findings. 

Hao Wu et al. [59] developed quantitative model of the electrical response 

caused by the impact of a drop onto an electrical nanogenerator (ENG) surface, as 

depicted in Fig. 2.7c. They deployed millimeter-sized droplets from a specific 

height onto surfaces that were either horizontal or slightly inclined. These surfaces 

were coated with an amorphous fluoropolymer (AFP), specifically Teflon. Prior to 

experimentation, these polymer films were electrically charged. An electrode on 

the substrate is connected to a thin Pt wire, positioned parallel to the substrate, via 

an external load resistor R. The comprehensive equivalent circuit of the water drop 

electricity generator is presented in Fig. 2.7d. Here, Cenv. represents the capacitance 

from the environment before the water droplet contacts the wire. Given Cenv. → 0, 

it can be considered as an open circuit. Hence, the section of Fig. 2.7d involving 

Cenv. can be substituted by a switch, S, in the simplified circuit. Upon the droplet's 

contact with the Pt wire, a faradaic impedance forms at the Pt electrode/electrolyte 

interfaces. Considering the double layer capacitance is considerably larger than the 

dielectric capacitance and the overall circuit's capacitance is calculated as ! = (∑

1/ Ci)-1, the electric double layer capacitance at the electrode/electrolyte Ci interface,  

Cpt-el, becomes negligible. Similarly, the electric double layer capacitance at the 

dielectric/electrolyte interface, CEDL, is also negligible within the circuit. As a result, 

the circuit can be simplified as displayed in Fig. 2.7e. 

In summary, the development of equivalent circuit models has been 

instrumental in advancing our theoretical understanding of liquid-solid TENGs. 

These models, when properly constructed and utilized, provide a powerful tool for 
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analysis, optimization, and design of liquid-solid TENG systems. 

 

Figure 2.7. Equivalent Circuit Model of Liquid−Solid TENG. (a) Schematic 

diagram of droplet-based electricity generator (DEG) and (b) circuit model, in the 

switched-off mode, there is no capacitor formed at the water/aluminium interface. 

As a result, CP and C1 remain in an open circuit and there is no charge flow between 

them. When the aluminium electrode and PTFE are connected by the water droplet 
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(switched-on mode), another capacitor, C2, is established at the water/aluminium 

interface, forming a closed circuit. Rw, RL and dq(t)/dt in the circuit are, respectively, 

the impedance of the water droplet, the impedance of the external load and the 

derivative of the transferred charge with respect to time. (c) Experimental setup, (d) 

full equivalent circuit and (e) simplified equivalent circuit of the water drop 

electricity generator. 

 

2.3.4 Mechanisms of Liquid−Solid CE based on the density functional 

theory 

Understanding the mechanisms underlying contact electrification at the 

liquid−solid interface is essential for unraveling the fundamental processes 

involved in triboelectric nanogenerators. Density functional theory (DFT) has 

emerged as a powerful tool for investigating the mechanisms of CE at the atomic 

and molecular levels. In this section, we explore the insights gained from DFT 

studies regarding the mechanisms of liquid−solid CE. 

Jun Wu et al. [60] conducted an atomic-level investigation on the effect of 

contact electrification on the liquid-solid electric double layer, utilizing first-

principles and molecular dynamics simulations. This study revealed that liquid-

solid contact electrification influences not only the concentration distribution of the 

molecules/ions in the electric double layer but also has the potential to reverse its 

polarity depending on the specific surface charge density. The proposed mechanism 

is illustrated in Fig. 2.8. When the SiO2 surface is negatively charged, the electric 

field generated by these negative charges synergistically amplifies with the inherent 

local polarized electric field. This mutual enhancement results in the strengthening 

of the electric double layer (as shown in Fig. 2.8a). Conversely, when the SiO2 
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surface is positively charged, the electric field generated by these positive charges 

counteracts its intrinsic local polarized electric field. This opposition leads to a 

restraint, or even a reversal, of the electric double layer (demonstrated in Fig. 2.8b). 

The underlying principle here is that the surface charge density on the solid surface 

can substantially influence the adsorption energy between the anion/cation and the 

solid surface. These findings not only support Wang's two-step model but also offer 

a more detailed understanding of how liquid-solid contact electrification influences 

the formation of the electric double layer. 

Yang Nan et al. [61] employed density functional theory to study CE at the 

water/polymer interface. In their work, some representative polymers containing 

different functional groups and repeat units are selected (Figure 2.8c) to investigate 

CE in contact with water. The study delved into various factors, including the 

influence of the water layer, molecular chain length, contact modes, electrostatic 

potential, and work function before and after CE. Their results highlight that 

electron transfer predominantly occurs at the water/polymer interface when the two 

materials come into contact. Moreover, only the outermost layer of the water has a 

significant contribution. The HOMO-LUMO gap states on the surface act as 

electron acceptors, and notably, a wider HOMO-LUMO gap enhances electron 

transfer efficiency. Yang Nan's research clarifies the complex mechanisms 

underlying CE, offering profound insights into the dynamics of charge transfer and 

distribution at the liquid-solid interface. 

The use of DFT in studying liquid-solid CE has also facilitated the exploration 

of the influence of environmental factors, such as temperature and humidity, on the 

CE process. By considering the vibrational and electronic properties of the 

materials, DFT calculations have provided insights into the temperature-dependent 
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charge transfer and the influence of moisture on the CE behavior. Furthermore, 

DFT simulations have enabled the exploration of the impact of surface 

modifications, such as coatings or functionalization, on the CE process. These 

studies have highlighted the importance of surface properties and the potential for 

engineering the CE behavior through surface modifications. 

Density functional theory has provided valuable insights into the mechanisms 

of liquid-solid CE at the atomic and molecular levels[23; 62-69]. By considering 

electronic structures, interfacial interactions, and environmental factors, DFT 

simulations have enhanced our understanding of charge transfer processes, electric 

double layer formation, and the influence of surface modifications. The 

combination of DFT studies with experimental investigations paves the way for 

designing improved liquid-solid TENGs and exploring new applications in energy 

harvesting. 
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Figure 2.8. (a) The diagrams of influential mechanism of the surface charge density 

on the formation of electric double layer with the solid surface charged much 

negatively, less negatively, less positively, and much positively. (b) The analysis of 

the local polarized electric field on SiO2 surface. (c) The adsorption energy between 

SiO2 surface with Na+ ion, Cl- ion, and H2O molecule under different charge 

densities. (d) Sketch of seven polymers. Polytetrafluoroethylene (PTFE), 

polypropylene (PP), polyvinylidene difluoride (PVDF), polydimethylsiloxane 

(PDMS), Nylon 66, polyimide (Kapton), polyethylene terephthalate (PET), and 

water. The dashed areas depict their monomers. 
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2.4 Applications of Liquid−Solid TENG 

2.4.1 As micro/nano-power sources 

One of the remarkable applications of liquid−solid triboelectric 

nanogenerators (TENGs) lies in their potential as micro/nano-power sources. The 

ability to convert mechanical energy into electrical energy at small scales opens up 

a wide range of possibilities for self-sustained power generation in various 

microelectronic and nanoscale devices. Micro/nano-power sources based on liquid-

solid TENGs offer several advantages over traditional energy harvesting 

technologies. They can harness ambient mechanical energy sources, such as 

vibrations, human motion, or fluid flow, to generate electricity, thereby providing 

a sustainable and self-powered solution. Additionally, liquid-solid TENGs exhibit 

a compact and lightweight design, making them highly suitable for integration into 

miniaturized electronic devices and wearable technologies. In this section, we 

explore the applications of liquid-solid TENGs as micro/nano-power sources and 

their significant contributions to the field. 

Wei Tang et al. [70] introduced the first self-powered water splitting system 

by integrating a TENG with a water splitting unit (Figures 2.9a, 2.9b and 2.9c). 

When the assembled TENG operates at a rotating speed of 600 rpm, the system 

yields hydrogen at a rate of 6.25 × 10-3 mL min-1 using a 30% (w.t.) KOH solution. 

Interestingly, when the electrolyte is swapped out for pure water, the water splitting 

efficiency increases by 4-5 times compared to that powered by an electrochemical 

workstation, primarily due to the TENG's high voltage output. Moreover, the 

TENG can be powered by the flow of regular tap water, illustrating its capability 

as a truly self-sustaining water splitting system. Consequently, TENG-driven water 

splitting emerges as a viable method for in-situ hydrogen production, whether for 
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energy storage or chemical reactions, without the need for an external power source.  

Yang Zou and colleagues [71] reported a bionic stretchable nanogenerator 

(BSNG) designed for underwater energy harvesting, inspired by the structure of ion 

channels found in the electrocyte's cytomembrane of electric eels (electrophorus 

electricus). To replicate this structure, a mechanical control channel was created 

using the stress-mismatch between polydimethylsiloxane (PDMS) and silicone 

(Figure 2.9d). The BSNG allows two distinctive working modes: achieving an 

open-circuit voltage of over 170 V in dry conditions and more than 10 V (Figure 

2.9f) in a liquid environment. These performance metrics are enhanced by 

combining the benefits of the TENG, positioning the BSNG as a versatile tool for 

energy harvesting and underwater sensing. Combining the triboelectrification 

effects from flowing liquid with principles of electrostatic induction, practical 

underwater applications of this bionic stretchable nanogenerator have been 

demonstrated, including monitoring human motion in various positions and 

facilitating undersea rescue systems. With its exceptional flexibility, stretchability, 

impressive tensile fatigue resistance (surpassing 50,000 cycles), and superior 

underwater functionality, the bionic stretchable nanogenerator stands out as a 

promising sustainable power source for soft wearable electronics deployed 

underwater. 

In summary, liquid-solid TENGs offer tremendous potential as micro/nano-

power sources, enabling self-sustained energy harvesting for various 

microelectronic and nanoscale devices[72-78]. Their compact design, ability to 

harness ambient mechanical energy, and integration capabilities with other 

technologies make them highly attractive for applications in water splitting, 

underwater sensing, and beyond. Continued research and development in this area 
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will further unlock the possibilities of liquid−solid TENGs, leading to 

advancements in self-powered micro/nano-systems and contributing to the field of 

sustainable energy harvesting. 

 

Figure 2.9. (a) Schematic illustrations of the disk TENG, (b) schematic diagram 

and (c) the circuit diagram of the TENG-driven water splitting system. (d) Scheme 

diagram of bionic stretchable nanogenerator (BSNG) with double layer structure, 

which is mainly constructed by silicone, polydimethylsiloxane (PDMS), 

electrification liquid and ionic solution electrode. (e) Scheme diagram of the bionic 

channels in BSNG. (f) Output signal of BSNG in one working cycle 

 

2.4.2 As Self-powered sensors 

Self-powered sensors represent a significant application domain for liquid-

solid triboelectric nanogenerators (TENGs). These sensors have the ability to 
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autonomously generate electrical power from mechanical energy sources in their 

surrounding environment, eliminating the need for external power supplies or 

batteries. Self-powered sensors based on liquid-solid TENGs offer several 

advantages over conventional sensors. They provide a sustainable and independent 

power source, enabling continuous and reliable operation without the need for 

frequent battery replacements or wired connections. This feature is particularly 

advantageous for fluid energy harvesting, where battery life and power availability 

are critical factors. In this section, we delve into the applications of liquid-solid 

TENGs as self-powered sensors and their contributions to the field. 

Guofeng Song’s group [79] reported a water wave motion sensor (Figure 

2.10a) based on water wave friction. By merging both the mechanisms that the 

outermost interface friction with water waves and the traditional TENG 

functionality, the sensor can detect enhancements in water waves at mild 

frequencies in typical living environments. Through systematic testing under 

various water levels and frequencies, from low to high, the team observed and 

analyzed voltage and current signals. These signals can reach up to approximately 

60 V and 20 μA (Figures 2.10b and 2.10c), respectively, during specific surging 

wave conditions. Notably, the device can register even minor changes in water 

levels, clearly visualizing waveform variations. It is anticipated that this technology 

will showcase significant advancements in environmental monitoring, as well as 

maritime security and navigation, having profound implications for everyday life. 

Fluid energy encompasses a range of sources, from large-scale ones like wave 

energy to water flow energy, frequently found in rivers and pipelines. A novel water 

wheel-based hybrid TENG has been developed by Zhong Lin Wang’s group [80]. 

This combines a water-TENG and a disk-TENG to simultaneously harvest both 
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electrostatic and mechanical energies from flowing water (Figure 2.10d). The 

water-TENG features wheel blades coated with superhydrophobic surfaces, which 

are further covered by PTFE thin films with nanostructures. This design enables 

the single-electrode-based TENG to harvest electrostatic energy from the water. On 

the other hand, the disk-TENG consists of two disks. One of these disks rotates in 

tandem with the wheel blades when impacted by flowing water, functioning as a 

rotating disk mode TENG to harvest the water's mechanical energy. Notably, the 

disk-TENG's short-circuit current is directly proportional to both the rate of flowing 

water and wind speed (see Figures 2.10e and 2.10f). This characteristic highlights 

the hybrid TENG's potential as a self-powered sensor for measuring both water 

flow and wind speed.  The hybridized TENG provides a novel approach to harvest 

multiple types of energies from the environment. 

In addition to wave energy and water flow energy, droplet energy serves as an 

important source of liquid sensing. Leveraging droplet energy sensing, Jie Chen et 

al. [81] introduced a self-powered triboelectric microfluidic sensor (TMS). This 

sensor capitalizes on the signals generated from droplets or bubbles through 

capillary action and the triboelectrification effects at the liquid/solid interface, 

enabling real-time liquid and gas flow detection (Figure 2.10g). Through 

alternating capillaries of different diameters, both the sensor's detection range and 

sensitivity can be tuned (Figure 2.10h). Evidence from monitoring the transfusion 

process for a patient and observing the gas flow from an injector indicates that the 

TMS offers significant potential for crafting a self-powered micro total analysis 

system. 

In summary, self-powered sensors based on liquid−solid TENGs offer 

tremendous potential for a wide range of applications. Their ability to harvest 
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mechanical energy and convert it into electrical power enables continuous and 

autonomous sensing without the need for external power supplies or batteries. 

These sensors find applications in environmental monitoring, health monitoring, 

smart grids, and environmental energy harvesting, providing reliable, sustainable, 

and self-powered solutions[19; 82-89]. Continued advancements in liquid-solid 

TENG technology will further enhance the capabilities of self-powered sensors, 

contributing to the development of innovative and autonomous sensing systems. 
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Figure 2.10. (a) Structure of the water wave motion sensor rooted in water wave 

friction, (b) peak values of voltage and (c) peak values of current for the device. (d) 

The structure diagram of the hybridized TENG. (e) The dependences of the Voc and 

Isc values on the flowing water rate of the disk-TENG. (f) The dependences of Voc 
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and Isc values on wind speed of the disk-TENG when it is driven by wind. (g) 

Structural schematic diagram of the liquid rate sensor and gas rate sensor. For liquid 

rate sensor, the inset 1 shows the photograph of the sensor fabricated on a medical 

infusion tube, the inset 2 shows the surface SEM image of PTFE layer (scale bar: 

5 μm), the inset 3 shows the contact angle which indicates the hydrophobic property 

of the PTFE surface. For the gas flow rate sensor, the inset 1 shows the photograph 

of the sensor fabricated on a PE tube, the inset 2 shows the surface SEM image of 

PTFE layer (scale bar: 3 μm), the inset 3 shows the contact angle of the air bubble 

on the PTFE surface. (h) 3D graph shows the output frequency of self-powered 

triboelectric micro-fluidic sensor (TMS) with various capillaries under different 

external flow rate. 

 

2.4.3 As scanning probe 

The capability to measure and understand charge transfer at the liquid-solid 

interface holds promise for a range of scientific applications. Triboelectric 

nanogenerators (TENGs) have emerged as pivotal tools in this domain, not only as 

energy harvesters but also as insightful probes for charge transfer dynamics [90]. 

Jingyang Zhang et al. [91]pioneered in this field with the development of a 

droplet-TENG, distinguished by its dual spatially arranged electrodes (Figure 

2.11a). This design aimed to systematically investigate the charge transfer 

dynamics between liquid droplets and solid substrates. Their findings revealed an 

intriguing accumulation process of charges during droplet interactions, with 

electrons emerging as the main charge-transfer agents. Notably, the sensitivity of 

the droplet-TENG to varying solvent ratios in mixed organic solutions paves the 

way for potential chemical sensing applications. 
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Diving deeper into this exploration, the same group unveiled the intricacies of 

charge transfer during the movement of a water droplet on hydrophobic 

surfaces[92]. This was achieved through the introduction of a high-density 

electrode array, termed the pixeled droplet triboelectric nanogenerator (pixeled 

droplet-TENG). This setup enabled a detailed visualization of charge transfer at the 

liquid-solid boundary (Figure 2.11b). A significant outcome was the generation of 

an "image" illustrating the transferred charges with remarkable spatial and temporal 

fidelity. The study revealed a non-uniform distribution of charges along the 

droplet's pathway, suggesting two-steps mechanism involving electron transfer and 

subsequent ion adsorption on the solid interface, leading to the formation of an 

electric double layer. 

Such rigorous investigations underscore the profound probing capabilities of 

TENGs. With potential applications extending across surface chemistry, physics, 

materials science, and cell biology, the insights derived from these tools highlight 

the multifaceted roles and significance of TENGs in advanced scientific research. 

 

Figure 2.11. TENGs as scanning probe. (a) Working mechanism of the droplet-
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TENG. When a drop of liquid flows through the polymer surface, the charge 

transfer between liquid and solid occurred, and the current signals were measured 

by the two Cu electrodes separately. (b) Working mechanism of the pixeled droplet-

TENG. When a water droplet flows through the tilted fluorinated ethylene 

propylene surface, the charge transfer between liquid and solid occurred, and the 

induced charges at each point were measured by the electrode arrays on the 

backside. (c) Structure of the pixeled droplet-TENG: the top layer is dielectric 

polymer film (FEP film) for contact electrification with water droplet; the middle 

layer is a PMMA plate, and the Cu electrode array (12 × 36 Cu electrodes) 

penetrates the PMMA plate; the bottom layer is a signal processor. 

 

2.4.4 Other applications 

Except for the use in micro/nano-power sources, self-powered sensors, and 

scanning probe applications, liquid-solid TENGs have demonstrated promising 

potential for various other applications.  

Blue energy stands out as one of the most promising sources of renewable 

energy for expansive applications [90; 93-100]. In this context, liquid-solid TENGs 

have been proven effective in harnessing large-scale blue energy. Xiaoyi Li and 

colleagues [101] developed a liquid-solid-contact (LS) buoy triboelectric 

nanogenerator specifically to harvest blue energy from the ocean (Figure 2.12a 

and 2.12b). This network of buoy LS TENGs can tap into vast energy reserves, 

capturing both surface wave energy and submarine current energy. Such harvested 

energy can power portable electric devices or navigation systems. Remarkably, in 

their study, the electrical energy generated from the LS TENGs was stored in 

capacitors, driving a wireless SOS (Save Our Souls) radio frequency (RF) 
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transmitter for marine emergencies. Their research not only offers a more efficient 

way to tap into blue energy but also broadens its potential applications. 

Additionally, liquid-solid TENGs can be employed in water and wastewater 

treatment systems to address energy challenges and enhance overall 

efficiency[102-104]. By harvesting the flowing kinetic energy of water using a 

rotating triboelectric nanogenerator (R-TENG), Shuwen Chen et al. [78] 

demonstrated a self-powered multi-functional system (Figure 2.12c and 2.12d). 

This system is capable of electrochemically eliminating rhodamine B (RhB) and 

copper ions from wastewater while simultaneously executing metal 

electrodeposition.  With a collection of compelling features, such as high removal 

efficiency for RhB and copper ions, feasibility for organic pollutants with low 

concentration, extremely low cost, simplicity, and reusability, their work not only 

paves the way for sustainable wastewater treatment methods but also facilitates 

other self-powered electrochemical processes marked by minimal power use and 

pollution. 

Delving into the realm of microfluidics [105-111], the Electrowetting 

technique serves as a method to manipulate the position and velocity of fluids 

within microchannels. By intergrating the electrowetting technique with a free-

standing mode TENG, Jinhui Nie and his peers [107] have designed a self-powered 

microfluidic transport system (Figure 2.12e). In this setup, a mini vehicle is 

fabricated by using four droplets to carry a pallet, and it can transport some tiny 

object on the track electrodes under the drive of TENG. The motion of TENG can 

provide both driving power and control signal for the mini vehicle. Under the drive 

of TENG, the minimum volume of the droplet can reach 70-80 nL, while the tiny 

droplet can freely move on both horizontal and vertical planes. The team also 
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showcased a technique to transport nanoparticles to specified positions. Such an 

innovative self-powered transportation mechanism holds promise in micro-

solid/liquid manipulation, drug delivery systems, micro-robotics, and human-

machine interfaces. 

 

Figure 2.12. (a) The blue energy harvested by the network of the liquid–solid-

contact buoy triboelectric nanogenerators. (b) The structure of a buoy, the buoy 

contains an inner liquid and several polymer films, which function as several 

TENGs. (c) Illustrations of the R-TENG. (i) the optical image and (ii) the schematic 

exploded view of the R-TENG which consists of a rotator and a stator. (iii) PCB 

patterns of the rotator and stator; inserts are the sectional optical images of PCBs. 
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(d) Schematic diagram of the Cu2+ and RhB removing powered by transformed and 

rectified TENG (R&T TENG). (e) Structure of the self-powered microfluidic 

transport system based on TENG and electrowetting technique to control the mini 

vehicle carrying a tiny gear. 

 

2.5 Conclusions and perspectives 

2.5.1 Conclusions 

The exploration of solid-liquid interface triboelectricity has opened up new 

horizons in the field of energy harvesting and diverse technological applications. 

In this literature review paper, we have provided a comprehensive overview of the 

fundamental concepts, working modes, physical fundament, mechanisms, and 

applications of liquid-solid triboelectric nanogenerators. 

We began by discussing the motivations behind the exploration of liquid-solid 

TENGs, highlighting the need for sustainable energy harvesting and the unique 

advantages offered by liquid-based environments. We explored the three 

fundamental working modes of liquid-solid TENGs: the liquid-dielectric mode, the 

liquid-semiconductor mode, and the liquid-metal mode. Each mode presented 

distinct properties and mechanisms, allowing for versatile energy harvesting 

capabilities. 

The physical fundament of liquid-solid TENGs was examined, focusing on 

the "Wang Transition" for Contact Electrification and Wang's Hybrid Electric 

Double Layer model. These concepts provided a theoretical understanding of the 

charge transfer processes and the formation of electric double layers at the liquid-

solid interface. Furthermore, we explored the mechanisms of liquid-solid CE based 

on density functional theory, shedding light on the underlying principles governing 
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the charge transfer phenomenon. The charge states at the liquid-solid interface were 

investigated, emphasizing their significance in understanding the complex nature 

of charge transfer processes and their implications for device performance and 

energy harvesting efficiency. By employing advanced characterization techniques 

and theoretical models, researchers have made significant progress in unraveling 

the intricacies of charge states at the interface, paving the way for further 

improvements in liquid-solid TENGs. 

Additionally, we discussed the broad range of applications enabled by liquid-

solid TENGs. These applications encompassed micro/nano-power sources, self-

powered sensors, scanning probe systems, as well as other emerging fields such as 

blue energy harvesting, water and wastewater treatment and the electrowetting 

techniques. These applications showcased the versatility and potential of liquid-

solid TENGs in addressing energy challenges and contributing to technological 

advancements across various domains. 

In conclusion, the exploration of solid-liquid interface triboelectricity has 

provided a new paradigm for energy harvesting and diverse applications. The 

unique characteristics of liquid-based environments, coupled with the 

advancements in understanding the fundamental principles and charge transfer 

mechanisms, have paved the way for the development of efficient and versatile 

liquid-solid TENGs. While significant progress has been made, there are still 

challenges to be addressed, such as improving device efficiency, stability, and 

scalability. 

2.5.2 Perspectives 

Despite its potential, interface triboelectricity is still a relatively new and 

emerging field. As such, there is still much to be discovered and optimized.  
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The rising demand for sustainable and renewable energy solutions positions 

TENGs as pivotal contributors, with their scalability and efficiency aligning with 

these global needs. Key to their advancement is the research focus on material 

optimization and design enhancement. The performance of TENGs heavily relies 

on the material properties, including their triboelectric behavior, electrical 

conductivity, and mechanical flexibility. Researchers can focus on discovering new 

materials or engineering existing ones to enhance the performance, stability, and 

durability of TENG devices. The integration of functional materials, such as 

piezoelectric or ferroelectric materials, can also enable multifunctional energy 

harvesting devices. 

Additionally, the understanding and control of the liquid-solid interface play 

a critical role in the performance of TENGs. Future studies can focus on interface 

engineering to improve charge transfer efficiency and reduce energy loss. This 

includes exploring surface modification techniques, such as surface 

functionalization, nano structuring, and surface coatings, to enhance the interaction 

between the liquid and solid surfaces. Furthermore, optimizing the interface 

configuration and geometry can lead to improved charge generation and collection, 

thereby enhancing the overall performance of TENGs. 

Despite significant progress, there is still much to learn about the fundamental 

mechanisms governing solid-liquid interface triboelectricity. Researchers can delve 

deeper into understanding the charge transfer processes, interface phenomena, and 

energy conversion mechanisms at the molecular and atomic levels. Advanced 

theoretical modeling, computational simulations, and experimental techniques can 

be employed to unravel the complex dynamics occurring during contact 

electrification and charge separation at the liquid-solid interface. 
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Chapter 3. Experiments and Modeling 

3.1 Introduction 

The pursuit of understanding and improving water-solid mode triboelectric 

nanogenerators necessitates a combination of practical experimentation and 

computational modeling. This chapter delves into the detailed experimental 

methodologies utilized throughout this doctoral thesis, offering insights into the 

fabrication processes of different TENG configurations. Additionally, a 

comprehensive overview of the equipment and software leveraged to derive and 

validate the research findings is provided. While the instruments highlighted in this 

section are mainly for observation, measurement, and the transfer or exportation of 

research data, it's important to note that common tools for data analysis, such as 

graphical representation software, are not included. 

3.2 Fabrication Processes 

3.2.1 Basic Water−solid Mode TENG 

The Water-Solid Mode TENG signifies a pivotal advancement in the domain 

of triboelectric nanogenerators. A schematic representation of this innovative 

design is depicted in Figure 4.1a, while Figure 4.1b offers a real-life glimpse of 

its dynamic moving part structure. 

The fabrication of this distinctive TENG model entailed the following process: 

1. Selection of Triboelectric Materials: The chief materials chosen for their 

exceptional triboelectric properties were polyimide (often referred to as Kapton) 

tape and polytetrafluoroethylene (PTFE) films. The inherent properties of these 

materials make them suitable for efficient charge transfer and long-term durability. 

2. Electrode Construction: A layer of copper (Cu) was meticulously deposited 

onto the Kapton tape, serving as the primary electrode. This composite was then 
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firmly anchored onto a 3D-printed substrate board, measuring 5 × 5 cm2. 

3. Secondary Electrode: A separate Cu layer was affixed to the base of a 

standard Petri dish, functioning as the secondary electrode. This ensures stable 

electron transfer and minimizes potential losses. 

4. Circuit Connection: The two electrodes – one on the substrate board and the 

other on the Petri dish – were then interconnected using a conductive wire, 

culminating in the formation of the external circuit. 

5. Operation Principle: As illustrated in Figure 4.1a, the moving part of the 

TENG undergoes vertical displacements within deionized (DI) water. This motion 

instigates potential disparities between the two electrodes. As a result, the ensuing 

potential gradient drives the electrons' flow across the external circuit, effectively 

producing an electric current. 

3.2.2 Water-solid Mode based Single-Wire TENG  

Building upon the foundational principles of the Water-Solid Mode TENG, 

the single-wire TENG introduces a compact and efficient configuration. Figure 

4.3a provides a schematic representation of this innovative design. Central to its 

structure is a copper (Cu) wire, with a diameter of 1.2 mm, serving as the primary 

electrode. This choice was based on the wire's known conductive properties, 

ensuring optimal electron transfer, and its malleability, allowing for specific shape 

configurations. The wire was carefully treated and cleaned to remove any surface 

impurities, ensuring the best possible contact interface for the triboelectric process. 

The wire was then integrated into the TENG system, involving meticulous 

calibration steps to ensure its alignment, stability, and optimal performance. Such 

a unique configuration not only simplifies the design but also optimizes space 

utilization, paving the way for more efficient and scalable energy harvesting 
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systems. 

3.2.3 Three-Dimensional TENG Array 

By capitalizing on the modular nature of the single-wire TENG design, a more 

extensive, three-dimensional water-solid TENG array can be realized. To construct 

this array, individual Single-Wire TENGs were first fabricated as described earlier. 

These units were then strategically placed in parallel configurations, ensuring 

minimal interference between adjacent units while maximizing collective output. 

Connections were established using highly conductive interfaces, ensuring loss-less 

electron flow between the units. A critical phase in this fabrication was ensuring 

the structural integrity of the array. To this end, specialized fixtures and mounts 

were used to hold the Single-Wire TENGs in place, ensuring a consistent spatial 

orientation across the array. Once the array was set up, tests were conducted to 

ascertain uniform movement across all TENG units when subjected to water-solid 

interactions. This would guarantee that all the Single-Wire TENGs in the array 

contributed uniformly to the overall energy generation. A clear depiction of this 

array is provided in Figure 4.6a's schematic. This advanced design facilitates 

improved energy harvesting by leveraging the collective potential of individual 

TENG units, thereby enhancing the overall performance and scalability of the 

system. 

3.3 Experimental equipment 

3.3.1 Electrical measurement system 

In the endeavor to measure the electric output signals from the TENG devices, 

a meticulous setup was established. Key indicators such as the transferred charges 

(QSC) and open-circuit voltage (VOC) were of paramount importance in 
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understanding the devices' performance. Central to this setup was the Agilent DSO-

X 2014A digital oscilloscope, which offered precise visualization and tracking of 

the QSC and VOC in real time. This provided immediate insights into the performance 

metrics and operational efficiency of the TENG devices. In parallel, the current 

generated by the devices was accurately measured using the Keithley 6514 current 

preamplifier. Delving further into the electrical measurements ecosystem, it 

comprises two main components: the digital multimeter (DMM) and the Labview 

platform. The relationship and functions of these components are illustrated in 

Figure 3.1. The DMM, specifically the Keithley 6514 model, stands out as the chief 

data collection instrument, adept at gauging a spectrum of electrical parameters, 

encompassing voltage, resistance, and electrical current. Once this data is collected, 

it is seamlessly transferred to the programmed Labview platform. This interface, 

tailored for this research, facilitates easy visualization of the data, enabling quick 

analysis of trends and variances. Beyond just visualization, the Labview platform 

also serves as a robust tool for data export, ensuring that findings can be archived, 

shared, or subjected to further analysis. 

 

Figure 3.1. Electrical measurement system includes two parts: (a) digital 

multimeter and (b) the Labview platform. 
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3.3.2 Linear motor 

The precision of solid-liquid contact is pivotal for the efficacy of the Water-

Solid Mode TENG. For this purpose, a linear motor (Figure 3.2) was employed in 

our setup. Distinguished from conventional motors, linear motors enable direct, 

consistent, and controlled linear movements, ensuring optimal interaction within 

the TENG. 

The benefits of the linear motor in this context are: 

Positional Accuracy: Ensuring the solid component interfaces precisely with 

the liquid phase, optimizing the triboelectric effect. 

Reproducible Motion: Guaranteeing consistent motion and contact across 

multiple test cycles, vital for credible data collection. 

By automating the solid-liquid contact, the linear motor enhanced both the 

performance of the TENG and the reliability of the experimental outcomes. 

 

Figure 3.2.1 The controller of the liner motor. 
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Figure 3.2.2 The moving motor of the liner motor. 

3.3.3 3D Printer 

3D printing, fundamentally a process of creating objects by adding layers of 

material through computer-controlled devices, offers unparalleled precision in 

materializing intricate three-dimensional designs. The printer, characterized by its 

simplicity yet effectiveness in this study, is fortified with a 3-axial stage and a motor 

(Figure 3.3). Directed by a custom-designed computer program, the motor ensures 

the accurate delivery of raw materials, forming each layer to exact specifications. 

Leveraging this technology ensured that the substrate of the Water-Solid Mode 

TENG was tailored for optimal performance. The ability to iterate designs rapidly 

meant the substrate could be perfected to maximize the triboelectric effect. 

Moreover, the material chosen, primarily plastics in this context, ensured durability 

and compatibility with the TENG's other components. 
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Figure 3.3. Me3D (Australia) 3D printer consists of a 3-axial stage and motor. The 

raw materials are driven by the motor which is controlled by a specially designed 

program on the computer. 

3.4 Modeling and Simulation  

3.4.1 Introduction to COMSOL Multiphysics 

COMSOL, renowned for its versatile and comprehensive simulation 

capabilities, facilitated a deeper understanding of the dynamics at play within the 

TENG. This software suite, with its powerful multiphysics platform, enabled us to 

model complex interactions between different physical phenomena – an essential 

feature when examining the nuanced operations of TENGs. Several advantages of 

employing COMSOL in our research include: 

Multi-domain Analysis: COMSOL's capacity to handle electrical, mechanical, 



92 
 

and fluid dynamics allowed for a holistic evaluation of the TENG's behavior. This 

holistic approach provided a more comprehensive understanding of the TENG's 

performance and response to various conditions. 

User-friendly Interface: Despite its intricate capabilities, COMSOL's intuitive 

design ensured a seamless learning curve, enabling swift design iterations. 

Parameterized Studies: The software's ability to perform parameter sweeps 

allowed us to conduct optimization studies, fine-tuning various parameters to 

achieve maximum efficiency. This optimization process was crucial in refining the 

TENG's design and ensuring its performance met our expectations. 

In summary, COMSOL's versatile simulation capabilities, user-friendly 

interface, and parameterized studies feature significantly contributed to our 

research on TENGs. The software suite enabled us to gain a deeper understanding 

of the TENG's dynamics, iterate on designs efficiently, and optimize its 

performance for maximum efficiency. 

3.4.2 Detailed Simulation Process 

For ensuring the accuracy and reproducibility of our simulation results, we 

adhered to a standardized procedure utilizing the COMSOL Multiphysics software, 

version 5.6. Our work centered on constructing a quasi-static model aimed at 

simulating the electrostatic induction between a dielectric sphere and copper rings 

using the AC/DC module in COMSOL. 

Model Initialization: Each TENG design was virtually recreated in COMSOL, 

ensuring all dimensions, materials, and properties matched their real-world 

counterparts. The dielectric sphere was assigned a dielectric constant of 4.4, while 

the copper rings were modeled as perfect conductors with a conductivity of 5.998 

× 10^7 S/m. Detailed geometric parameters for both elements were established 
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based on the experimental setup and are provided in chapter 6.3. 

Boundary and Initial Conditions: Conditions mimicking the experimental 

environment were set. This included setting up electrical potentials, defining solid-

liquid interaction parameters, and ensuring all physical conditions were mirrored. 

Meshing: Given the intricate nature of TENGs, a fine mesh was employed to 

capture the minutest of details. This ensured that all interactions, especially at 

interfaces, were accurately captured. 

Simulation Run: With everything set, the simulation was run. During this 

phase, data on electrical outputs, potential differences, and other relevant 

parameters were captured. 

Data Analysis: Post-simulation, the data was exported and analyzed. This step 

was crucial in drawing parallels between the simulation and experimental results. 

By adhering to this meticulous procedure, we ensured that our simulations 

were not only accurate but also consistently reproducible, fortifying the credibility 

of our research findings. 
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Chapter 4. Electrification performance and working 
mechanism of water-solid mode TENG 

4.1 Abstract 

With the advantages of superior wear resistance, mechanical durability, and 

stability, the liquid-solid mode triboelectric nanogenerator (TENG) has been 

attracting much attention in the field of energy harvesting and self-powered 

sensors. However, most reports are primarily observational, and there still lacks a 

universal model of this kind of TENG. Here, an equivalent circuit model and 

corresponding governing equations of a water-solid mode TENG are developed, 

which could easily be extended to other types of liquid-solid mode TENGs. Based 

on the first-order lumped circuit theory, the full equivalent circuit model of water-

solid mode TENG is modeled as a series connection of two capacitors and a water 

resistor. Accordingly, its output characteristics and critical influences are 

examined, to investigate the relevant physical mechanism behind them. Afterward, 

a three-dimensional water-solid TENG array constructed from many single-wire 

TENGs is fabricated, which can not only harvest tiny amounts of energy from any 

movement of water, but also can verify our theoretical predictions. The 

fundamentals of the water-solid mode TENG presented in this work could 

contribute to solving the problem of electrical phenomena on a liquid-solid 

interface, and may establish a sound basis for a thorough understanding of the 

liquid-solid mode TENG. 

4.2 Introduction 

Researchers have attempted to understand and utilize contact electrification 

(CE) for many centuries. [112-114] CE occurring at liquid−solid interfaces 

usually endows the liquid (water or an aqueous solution) with specific electric 
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charges, which accordingly leads to the formation of an electrical double layer 

(EDL) within the fluid.[115-118] A well-known example is that when the water 

surface is broken or brought into contact with a solid, electric charges are 

generated on the interfaces, and an EDL is formed in this complex system. 

Recently, it has been proposed that there are two steps, including the electron 

exchange and ion adsorption, for the generation of an EDL, which will be 

comprehensively researched in the foreseeable future. This two-step model is 

called the Wang model for EDL, and the relevant hybrid layer is called Wang’s 

hybrid layer.[12; 13; 69] On the other hand, CE occurring at water-solid interfaces 

is utilized to harvest energy in the small-scale energy range from macroscopic to 

microfluidic devices.[58; 59; 119-122] Moon et al. has demonstrated that 

mechanically changing the contact area at the liquid-solid interface essentially 

modulates the electrical double layer, thereby generating an electrical current.[115] 

In a recently study by Xu and Wang et al., it was found that spreading of a water 

droplet on an electric generator gains an enhancement to its instantaneous power 

density.[58] However, this type of small-scale energy harvesters have to overcome 

inevitable difficulties in actual applications, such as water evaporation, water 

splashing, or extremely small instantaneous currents generated under a low 

frequency.[119; 120] 

To overcome the above problems, a special energy harvesting device, that is, 

the water-solid mode triboelectric nanogenerator (TENG) has been designed, 

which can improve the basic output by several orders of magnitude over the 

droplet-based devices as mentioned above. This is mainly because a droplet is 

replaced by great quantities of water, which leads to the increase in contact area, 

making the interfacial effect more obvious. For instance, a highly symmetric 
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three-dimensional (3D) spherical-shaped water-based TENG was designed by Shi 

et al., which can be effectively utilized to harvest energy from water waves with 

random direction/amplitude because its inner surface and outer surface are in 

direct contact with the water. [123] To date, a large number of water-based mode 

TENGs have been invented, [121; 122] owing to the great advantages of this type 

of TENG, such as superior wear resistance, good mechanical durability, and 

stability, etc. [124-128] These consistent reports are primarily observational, 

however, and they are generally difficult to reproduce, especially because no 

universal model has been developed. 

In this work, we have achieved a comprehensive understanding of the 

physical mechanisms of the water-solid mode TENG, through our equivalent 

circuit model and clear physical picture. First, the EDLs and corresponding EDL 

capacitors (EDLCs) formed on the water-solid interfacial areas are systematically 

analyzed. The two EDLCs and the resistance of the water are connected in series, 

from which a full equivalent circuit model and governing equation are proposed, 

based on the first-order lumped-circuit theory. On mechanically modulating the 

EDLs, the voltages across the EDLCs and the potential difference between the 

two electrodes change, consequently giving rise to the generation of a conduction 

current in the external circuit. In addition, a three-dimensional water-solid mode 

TENG array constructed from many single-wire TENGs is fabricated, which can 

not only convert energy from any movement of water, but also verify our 

predictions and theoretical analysis. 

4.3 High-Electrification performance and working mechanism 

of the water-solid mode triboelectric nanogenerator 

4.3.1 The basic water-solid mode TENG 
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The typical water-solid mode TENG comprises of a multidielectric layer 

constructed from polyimide (Kapton) tape and polytetrafluoroethylene (PTFE) 

films, deionized (DI) water, and two electrodes. Figure 4.1a shows a simple 

schematic diagram of this device, from which it is seen that the PTFE (hydrophobic) 

surface is directly exposed to DI water. A picture of the substrate attached with the 

multidielectric layer is presented in Figure 4.1b. When PTFE comes into contact 

with other materials, due to its high electronegativity, it tends to attract electrons 

from those materials. This attraction results in the accumulation of negative charges 

on the surface of PTFE. These negative charges do not dissipate immediately even 

when the contacting surfaces are completely separated. This stability is attributed 

to the electronegative characteristics of PTFE, which allow it to maintain the 

charges even in the absence of an external power source. In our experiments, when 

CE first occurs between the DI water and the PTFE, negative charges are generated 

on the hydrophobic surface and positive charges on the water surface (Figure 4.1e). 

Identifying the origins of the charges on water-hydrophobic interfaces is inherently 

challenging, owing to the uncertainties in their interfacial structures and known 

surface chemistry. Here, we accept the postulate that hydroxyl ion adsorption is the 

source of charge on hydrophobic surfaces and that EDLs are formed at the liquid-

solid interfaces.[129] As shown in Figure 4.1e, the negative charges distributed on 

the PTFE surface generate an electric field, pulling oppositely charged ions toward 

this hydrophobic surface and pushing like charges away from it. Since the opposite 

electric charges (counterions) are distributed very near the PTFE surface, they then 

shield the water solution from those negative charges. According to the charge 

neutrality condition, the total charge is zero, but the dipole moment close to the 

interface region is not zero. This charge distribution structure in the fluid is well-
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known as the EDL or the Debye layer.[130] Because the geometry and structure of 

the charge distribution is equivalent to that of a conventional parallel plate capacitor, 

it is regarded as an electrical double layer capacitor (EDLC), as depicted in Figure 

4.1c. There are two different EDLCs formed in the water-solid mode TENG, with 

the one distributed at the water-PTFE surface, while the other is formed at the 

water-bottom electrode surface. 

Figure 4.1c illustrates the modeled EDL and EDLC in the water-solid mode 

TENG. Note that the double layer is formed by a compact layer of charges next to 

the charged surface (PTFE) followed by a diffuse layer extending into bulk solution 

(DI water). We assume that the capacitance near the water-PTFE surface (Ctop) is 

comprised of two capacitors, Ci and CEDLC,t, which are connected in series form. 

The Ci and CEDLC,t represent the capacitance of the dielectric and the EDLC formed 

at the water-PTFE interfacial area, respectively. It should be emphasized that the 

Ctop is a nonlinear capacitor due to the change in the CEDLC,t. Strictly speaking, this 

CEDLC,t is a typical voltage-dependent capacitor, and its capacitance is regarded as 

a differential capacitance, which can be calculated by the rate of the stored charge 

divided by the rate of change of the voltage across the EDLC. As the free charges 

distributed on the surface of the top electrode vary with time, the total electric field 

applied on the water-PTFE surface changes, leading to variation in the charges 

distributions in both the compact layer and the diffuse layer, and the length of the 

relevant EDL. Therefore, the CEDLC,t and Ctop all change with time. By the same 

token, the CEDLC,b that is formed at the water-bottom electrode interfacial area is 

also a typical differential capacitor. Two points should be noted. The first one is 

about the fundamental basic of charge generation on the liquid-solid interfaces. It 

has been proposed by Wang that electron exchange between the liquid (water) and 



99 
 

the solid (PTFE film) at the interface is an inevitable step when CE occurs, which 

can be described by an overlapped electron cloud model between water molecules 

and solid surface atoms.[130; 131] In particular, electron transfer and ion 

adsorption usually happen simultaneously. Furthermore, it is apparent that the 

EDLCs (including the CEDLC,t and CEDLC,b) can be mechanically modulated under 

different structure parameters and motion conditions. 

Based on the above analysis, a full equivalent circuit model of the water-solid 

mode TENG is proposed. As demonstrated in Figure 4.1d, the TENG is modeled 

by a series connection of Ci, CEDLC,t, Rw, and CEDLC,b, where Ci represents the time- 

invariant capacitance caused by the dielectric material such as nylon or PTFE. Rw 

is the resistance of water (the liquid).[115] Before the moving part comes into 

contact with water, there is a capacitance from the environment. Given that this 

capacitor is fairly small, it is regarded existing in at an open circuit condition, and 

is represented by a switch L. Moreover, RL represents the external resistance in the 

external circuit. Assume that the contact area (Sw) between the water and the PTFE 

changes appreciably during external mechanical excitation. While the contact area 

(Sb) between the water and the bottom electrode is nearly fixed, the moving part 

moves up and down within the water. As a result, the total capacitance at the water-

PTFE interface Ctop is approximately proportional to Sw; on the contrary, the 

capacitance formed at the bottom electrode-water surface (Cbot, which is equal to 

the CEDLC,b in this device structure) is nearly a constant during the oscillation period. 

It should be clear that the thus-formed EDLC is much lager than that of the 

dielectric capacitance in general,[59] and these capacitors are connected in series, 

so that the CEDLC,t can be negligible when calculating the total capacitance.  

When the moving part comes into contact with the DI water, an EDLC (CEDLC,t) 
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is formed at the water-PTFE interface, and it is connected with the Ci in series. Here 

the Ci represents the capacitance of the multi-dielectric layer. Then the total 

capacitance of the Ctop(t) is calculated by: 

                  (1) 

where d0 represents the effective thickness of the multi-dielectric layer, i.e., d0 = 

d1/ε1 + d2/ε2, where d1, d2, and ε1, ε2 are the thickness and relative permittivity of 

Kapton and PTFE respectively. The λw and εw are the width of the EDLC and the 

dielectric constant of DI water, respectively. In general, since d0 is much large than 

λw/εw or the capacitance of EDLC is much larger than the dielectric capacitance, so 

the second approximation in Eq. (1) can be justified. Therefore, we have 

                                                                                     (2) 

                                                                                                                         (3) 

Note that here the Sw defines the contact area between the water and the PTFE; 

and the Sb represents the contact area at the water-bottom electrode interface, 

respectively.  Since the Sb is nearly fixed, the formed Cbot does not change over time. 

Besides, some typical parameters are provided based on our experimental 

conditions, in order to calculate the Ctop and Cbot. Because we could not measure 

the Debye screening length λw directly, a typical value of λw = 300 nm is utilized 

from the published works.1 Through Eqs. (2) and (3), and the parameters in Table 

4.1, the capacitance per unit area of Ctop/Sw = 0.364 μF/m2 and Cbot/Sb = 23.02 μF/m2. 

If we have Sw = Sb = 9 cm2, the corresponding Ctop and Cbot are 0.33 nF and 20.72 

nF, respectively. As a results, the total capacitance of the water-solid mode TENG 

system is approximately 0.32 nF, which is in the same order when compared with 
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the typical value of the capacitance of a lateral-slide mode TENG. [41] Therefore, 

variation of Ctop mainly comes from the changes of effective thickness of the 

multidielectric layer d0, while for Cbot it depends critically on the thickness of 

electrical double layer λw. 

Table 4.1. Parameters utilized in the numerical calculation. 

Structure component Parameter utilized 

Dielectric effective thickness, d0 = ∑di/εi 2.43×10-5 m 

Dielectric 1 

Dielectric 2 

Dielectric of DI water 

ε1 = 3.5, d1 = 50 μm 

ε2 = 2.0, d2 = 50 μm 

εw = 78 

Permittivity of vacuum, ε0 8.854×10-12 F/m 

 

Figure 4.1e illustrates the charge transfer process in an operation cycle of the 

water-solid mode TENG. It should be noticed that negative charges are generated 

on the PTFE surface, and this charged layer remains constant even after the contact 

surfaces are completely separated owing to the electronegative characteristics of 

PTFE. As depicted in Figure 4.1e1, when the moving part is immersed in water, 

the electrons are injected from the water surface to the PTFE surface, making the 

contact surfaces oppositely charged. As the TENG is separated from the water, 

negative charges remain distributed on the surface of PTFE, which leads to the 

electric potential of the moving electrode lower than that of the bottom electrode, 

causing the charges transferred between the two electrodes to maintain electrostatic 

equilibrium (Figure 4.1e2). The generated conduction current in the external circuit 

keeps flowing until the moving electrode is completely taken out (Figure 4.1e3) of 

DI water. As the moving part comes into contact with the DI water (Figure 4.1e4) 
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again, the charged PTFE surface will be screened due to the formation of EDL at 

the water-PTFE interface; charges flow from the bottom electrode to the top one, 

and the counterions in the DI water (liquid) have to redistribute themselves 

simultaneously to eliminate the potential difference between the two EDLCs (CEDL,t 

and CEDL,b). As a result, alternating current (AC) is generated in the external circuit. 

When no electrons are transferred, the voltage between the two EDLCs becomes 

zero, and the system reaches at an equilibrium state. According to Kirchhoff’s law, 

we have 

                                                                                                                            (4) 

here σb is the charge density distributed at the bottom electrode, and Q is the 

decrement or increment of charges in the CEDL,b or CEDL,t in the equilibrium state. 

In such state, since the Cbot is much larger than the Ctop in most cases, the electric 

charges distributed in the top EDLC should be much smaller than those distributed 

in the bottom EDLC. As a result, the potential difference between the two EDLCs 

is strongly depended on the time-variation of Ctop. In the nonequilibrium state, 

assume that the charges stored on Ctop and Cbot are Qtop + Q and SbσT − Q, and that 

the voltage across each EDLC is φtop and φbot, respectively. The voltage difference 

(V) between the two electrodes of the water-solid mode TENG is given by 

Kirchhoff’s law:  

                                                                               (5) 

and the governing equation can be simplified as 

                                                          (6) 

where Q(t) is the transferred charge. Accordingly, the time-dependent of Ctop and 

the nearly constant of Cbot make this governing equation to be a non-linear first-
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order ordinary differential equation; giving rise to the difficulty of obtaining the 

analytical solution. If the voltage across the RL is VL, it is obtained by: 

                                                                                                                                (7) 

On the other hand, it has been proved that the solid-solid mode TENG is 

neutral at any time, and this is the essential reason why it is equivalent to an open 

circuit voltage (VOC) connected in series with a variable capacitor. [55; 57; 132-134] 

For the water-solid mode TENG, its full equivalent circuit model is modeled as a 

series connection of two capacitors Cbot and Ctop, and a water resistor Rw. Through 

mechanically modulating the two EDLs along with the interfacial areas, mechanical 

work is converted into electrical energy. Some works have been published to 

demonstrate the exploitation of EDLC for energy conversion. [135; 136] In addition, 

we have proved that the total capacitance of this mode TENG is approximately in 

the same order when compared with a typical value of the capacitance of a lateral-

slide mode TENG. [137]  

To investigate the effects of key parameters and the relevant physical 

mechanism behind them, the open-circuit voltage VOC(t), short-circuit transfer 

charge QSC(t), and total capacitance C(t) are derived according to the governing 

equation of the water-solid mode TENG:  

                                                                                                            (8) 

                                                                                              (9) 

                                                                                                  (10) 

From Eqs. (8)−(10), the basic outputs of the water-solid mode TENG can be 

quantitatively predicted. It is important to point out that some reasonable 
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assumptions have been made in this model. Firstly, the electric double layer 

capacitors formed at the water-solid interfaces are ignored due to the explanations 

in equation (1)-(4). When the moving part is separated from the DI water, there are 

no residual water droplets on the surface of the PTFE, i.e., the capillary force 

between the water and the PTFE surface is not considered. Moreover, we assume 

that the surface charge densities on the surface of the PTFE film and water do not 

change with time when the TENG achieves a dynamic equilibrium. Since these 

methods may avoid some inappropriate approximate hypotheses, the simplified 

model developed here is no less accurate despite its brevity.  

In addition, we have already pointed out that nanogenerators use displacement 

current as the driving force to convert mechanical energy into electric 

power/signals. [57; 112; 134] This definition also applies to the liquid-solid model 

TENGs from the first-principles of classical electrodynamics. In other words, the 

output characteristic of the water-solid mode TENG is controlled by the Maxwell’s 

displacement current (ID). All-around analysis and simulation of this problem will 

be developed in our next work.  
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Figure 4.1. (a) Schematic diagram of the water-solid triboelectric nanogenerator 

and (b) photograph of the moving part setup. (c) Typical electrical double layer 

formed on the water-dielectric interface area and the relevant variation of 

electrostatic potential (φ) with distance x from the electrode. (d) The full equivalent 

circuit model of the water-solid triboelectric nanogenerator. (e) Step-by-step 

illustration showing the working principle of the water-solid triboelectric 

nanogenerator. 

 



106 
 

The basic outputs of the water−solid mode TENG are illustrated in Figure 4.2. 

The peak VOC shown in Figure 4.2a is approximately 375 V, which is more than 

twice the VOC reported in ref 12 and also is several orders of magnitude larger than 

that of the droplet device designed by Moon et al. [115] It is apparent that the peak 

QSC (Figure 4.2b) is as high as 160 nC. In the case of the droplet device, its outputs 

are usually limited by the capillary length of the water bridge formed between the 

contact surfaces or the interfacial effects. [138] Moreover, it has been proved that 

the electrical performance of a general solid-solid mode TENG is strongly affected 

by a group of factors, such as the device configuration, structure parameters, 

operation conditions, etc. [139; 140] These conclusions are also applicable to the 

liquid-solid mode TENGs. As illustrated in Figure 4.2c, the VOC of the water-solid 

mode TENG is greatly enhanced when the multidielectric layer is utilized; but 

similar results cannot be achieved by the utilization of either the Kapton tape or the 

PTFE film. This is attributed to the larger effective thickness of the multidielectric 

layer (d0), that is, increasing the d0 results in a bigger VOC. Note that the 

hydrophobic material PTFE leads to a higher output voltage primarily because of 

its high charge generation capability. [141]   

The results presented in Figures 4.2d−f show that increasing the contact area 

improves the VOC and QSC, which can be proved quantitatively using eqs 8 and 9. 

For instance, either increasing the L or the x(t) in eq 8 generates a larger VOC. Apart 

from the contact area, the improvement of the relative velocity can enhance the 

basic outputs as well (Figures 4.2g, h). Assume that the moving part is driven with 

a typical sinusoidal motion and that the x(t) is described in the model via: x(t) = 

xmax/2/(1 − cos ωt), where xmax and ω represent the largest relative movement and 

angular frequency, respectively. It is easily found that the VOC (and QSC) are 
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functions of the velocity. A larger velocity results in a larger moving distance, and 

then the contact area at the water-PTFE interface is increased at the same time, so 

that many more charges are transported between the two electrodes. It should be 

clear, however, that the surface charge density at the water-PTFE interface is 

approximately 10 μC/m2, which is significantly lower than that for the EDL (50 

mC/m2) reported by Wu et al.[59] In other words, although the formation of 

negative charge is observed on the hydrophobic surface in our experiment, the 

number of charges participating in transport is smaller than the available charges at 

the EDL. Hence, extracting more charges from the EDL to participate in the 

transport in the external circuit should be the focus of attention on in the next step 

of the work. Figure 4.2f presents a comparison of the VOC densities reported in 

recent years, from which it is seen that the VOC density of this work exhibits the 

largest value. [142-146] 
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Figure 4.2. (a) Open-circuit voltage (VOC) and (b) short-circuit transferred charges 

(QSC) of the water-solid triboelectric nanogenerator when the areas of the PTFE and 

Cu are 25 cm2 and 170 cm2, respectively. Comparison of the VOC for different (c) 

material selections, (d) sizes of PTFE, (e) sizes of the bottom electrode. (f) 

Extracted peaks of VOC and QSC for different sizes of the bottom electrode. Basic 

outputs of the (g) VOC and (h) QSC for different velocities of the moving part. (i) 

Comparison of the open-circuit voltage densities reported in recent years. Note that 

the VOC of this work exhibits the largest value. 

 

4.3.2 single-wire TENG and three dimensional TENG array 

Using the advantages of the water-solid mode TENG, a single-wire geometric 

structure device was designed. As demonstrated in Figure 4.3a, a single Cu wire 

with a diameter of 2 mm was utilized as one electrode. When the moving part 

constructed from the Cu wire and the multidielectric layer moves up and down in 

the DI water in a tube, leading to the generation of conduction current in the 

external circuit. Since there is no substrate, this method reduces the size and weight 

of the TENG, and thus improves the system’s volume utilization. Although only 

very little DI water is stored in the tube, excellent outputs are observed in Figures 

4.3b, c. As the immersion depth (represented by h) becomes gradually larger from 

2 to 14 cm, the VOC and QSC increase simultaneously, owing to the increase in the 

contact area between the water and the PTFE surface. Furthermore, there is nearly 

a linear relationship between the VOC (and QSC) and the immersion depth (Figure 

4.3d), and the similar phenomena can be found from the corresponding density of 

VOC and QSC (Figure 4.4), from which a type of self-powered displacement sensor 

could be fabricated and applied in practical applications. It should be noticed that 
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the depth of DI water is fixed closely to 14 cm in above-mentioned tests. 

Interestingly, we can observe the same phenomenon when the depth of DI water 

changing from 2 to 14 cm, as demonstrated in Figure 4.3e and Figure 4.5. As 

proved before, it is mainly because increasing the contact area contributes to the 

transport of more charges in the external circuit. Developing a set of experimental 

systems for dynamic measurements based on a special displacement sensor should 

be investigated in future studies. In particular, we have further noted that when the 

DI water moved only an extraordinarily small distance, a highly visible signal was 

obtained in the experiment, implying favorable precision and sensitivity of the 

device. 

 

Figure 4.3. (a) Schematic diagram of the single-wire TENG. Comparison of the (b) 

VOC and (c) QSC of the single-wire TENG with increasing immersion length, and (d) 

corresponding extracted peaks of VOC and QSC; Note that the depth of DI water is 

fixed at 14 cm. (e) Extracted peaks of VOC and QSC at different depths of the DI 

water. 
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Figure 4.4. Open-circuit voltage density and transferred charge density of the 

single-wire TENG at different immersion length, with water depth fixed at 14 cm. 

 

Figure 4.5. Comparison of the (a) open-circuit voltage VOC and the (b) short-circuit 

transferred charge QSC of the single-wire TENG with increasing water depth. 

Furthermore, a three-dimensional water-solid TENG array comprising many 

single-wire TENGs was fabricated, which can be utilized as an energy harvester to 

convert mechanical energy from micro to macro levels, or a self-powered sensor to 

detect static and dynamic processes through the voltage or current signals. As 

illustrated in Figure 4.6a, a large number of single-wire TENGs are connected in 

parallel to construct the three-dimensional TENG array. Its equivalent circuit model 
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is proposed in Figure 4.6b, where the single-wire TENG is designated by the letter 

G. We note that although the basic output of the TENG array is approximately 

proportional to the number of single wires (Figures 4.6c,e), which is very obvious 

from the extracted peaks of VOC and QSC (Figures 4.6d,f), it is almost impossible 

to obtain a very exact association between the number of wires and basic outputs 

due to the nonlinear variation of the total capacitance of this TENG energy 

harvesting system. But it suggests that the single-wire TENG exhibits a high 

scalability for constructing a TENG array, and offers the possibility of integrating 

and directly powering various functional sensors. On the other hand, due to the 

easily deformed nature of water, the TENG array system is flexible enough to 

absorb and convert every water movement while accommodating each small 

vibration from external mechanical triggering. For the better understanding of the 

TENG operation, optical photos and videos of the single-wire TENG and the three-

dimensional TENG array are provided to show the behavior of water movement 

and the TENG in energy harvesting situation (Figures 4.7 and 4.8). Briefly 

speaking, connecting many single-wire TENGs together can effectively improve 

the electrical output. 
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Figure 4.6. (a) Schematic diagram of the three-dimensional water-solid TENG 

array, constructed from many single-wire TENGs. (b) The equivalent circuit model 

of the TENG array. (c-d) Transferred charges QSC and the extracted peaks of QSC 

enhancement with the increase of the integrated wire number. (e-f) Open circuit 

voltage VOC and the extracted peaks of VOC with the increase of the integrated wire 

number. 
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Figure 4.7. (a) Optical images of a single-wire TENG (left) and a TENG array with 

five single-wire TENG units (right). (b) Optical images of the single-wire TENG 

with increasing water depth from 2 cm to 14 cm. 
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Figure 4.8. Both the rectified outputs of the single-wire TENG are used to charge 

commercial capacitors of 10 nF and 0.1 μF, respectively. 

4.4 Conclusion  

In summary, an equivalent circuit model of a water-solid mode TENG is 

proposed, which allow us to have a better understanding about the physical 

mechanism of this typical energy harvesting device. First, it was found that EDLs 

and EDLCs are formed on the water-solid interfaces, which includes the water-

PTFE interface and the water-electrode interface. Then a full equivalent circuit 

model of the water-solid mode TENG is built by a series connection of the two 

EDLCs and the water resistor, according to the lumped-circuit theory. The EDLC 

is essentially a nonlinear capacitor with voltage-dependent capacitance, making it 

arduous to analytically solve the TENG’s governing equation, but it is still an 

attractive option for us to quantitatively predict the energy harvesting process. 

Furthermore, the influences of structure parameters and operation conditions on the 

electrical response have been investigated directly, by which the relevant physical 

mechanism behind them are in depth discussed. The results suggest that selecting 

suitable materials, increasing the contact area, and increasing the velocity are 
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beneficial to improve the basic output. On the other hand, a three-dimensional 

water-solid TENG array comprising many single-wire TENGs was designed. This 

special TENG array can not only convert the tiny mechanical energy from water 

movement in random directions into electricity, but also could be connected into a 

network structure for harvesting large-scale energy due to its high scalability, which 

would further verify our theoretical analysis. We expect that our equivalent circuit 

model and physical image of the water-solid mode TENG are equally applicable to 

a general liquid-solid mode TENG, although their rationality and practicality need 

to be confirmed in future work.  
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Chapter 5. Power generation based on electrostatic 

induction 

5.1 Abstract 

Using the principles of contact electrification and electrostatic induction, 

triboelectric nanogenerators (TENGs) have the unique capability to convert 

physical movement into usable electrical power. This feature places TENGs at the 

forefront of innovative energy solutions. Currently, a diverse range of TENG 

designs have been developed and studied. However, specific designs that 

predominantly utilize electrostatic induction have not been extensively explored, 

highlighting a potential gap in our understanding. In this study, we introduce and 

delve deeper into TENGs constructed with copper rings and a specially charged 

ball (or sphere). The central objective is to better understand the nuances and 

performance of TENGs that rely heavily on the electrostatic induction process. Two 

primary scenarios were investigated: one where the sphere is positively charged 

and the other where it's negatively charged. By doing so, we aimed to dissect their 

energy output characteristics and identify the fundamental factors that influence 

their performance. The insights garnered from our research not only contribute to 

a deeper understanding of TENG operations but also have practical implications. 

They can guide the future design of TENGs, especially those with more intricate 

structures. Furthermore, recognizing the broader applications of such devices could 

catalyze their adoption in a variety of fields, thereby advancing sustainable energy 

solutions.  

5.2 Introduction 
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Triboelectric nanogenerators (TENGs) have made significant strides in the 

world of energy conversion[125; 147-152], primarily due to their reliance on the 

interplay between contact electrification (CE) and electrostatic induction. This 

innovative technology not only demonstrates the possibilities within the realm of 

energy conversion but also places TENGs firmly within the broader spectrum of 

mechanical energy harvesters[59; 101; 128; 153-155].  

Historically, TENGs have been characterized into five primary modes[4; 5]. 

These are the vertical contact, single-electrode, lateral sliding, freestanding, and 

rolling modes. Each of these modes presents a unique architectural design and 

offers distinct energy output characteristics, catering to various applications and 

needs. Such diversity in design ensures that TENGs can be tailored for specific 

functions and environments, enhancing their adaptability and utility. The 

foundational principle behind the operation of TENGs is Maxwell's displacement 

current[156-160]. By harnessing this principle, TENGs demonstrate an uncanny 

ability to efficiently transform mechanical forces, such as motion or pressure[149; 

161-163], directly into electrical energy. This transformative capability has opened 

doors to a myriad of applications that touch our daily lives[164-168]. From self-

powered sensors that require no external energy sources to wearable technology 

that draws power from our movements, and even devices that can harvest the 

energy from falling raindrops, the possibilities seem endless[167; 169]. Despite the 

extensive research and numerous configurations of TENGs that have been proposed 

and studied, a particular area remains somewhat in the shadows. While many 

TENG designs synergistically utilize both CE and electrostatic induction, TENGs 

operating primarily or solely on the principles of electrostatic induction are less 

well-understood. This area of study, which could unlock even further potential and 
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understanding, has not been given its due attention, signifying a promising avenue 

for future research. 

Here, inspired by the principles behind Lord Kelvin’s electrostatic water 

dropper[170-173], we've crafted a TENG design that integrates a copper ring with 

a charged dielectric sphere, as depicted in Fig. 5.1. The core mechanism revolves 

around the passage of charged spheres through the copper ring, resulting in the 

induction of opposite electrical charges on the ring. Delving into this foundational 

induction concept[174-178], we've probed two distinct operational modes: one 

where positively charged dielectric spheres traverse the copper ring and another 

with negatively charged spheres. Our examination covered crucial attributes like 

the potential, current, and charge retained by the copper. This comprehensive 

analysis sheds light on the electrification dynamics of this non-contact TENG 

design. What's fascinating is that despite the seemingly uncomplicated design, the 

induction experiments have unveiled numerous intriguing outcomes. A notable 

observation, for example, is how the surface charge polarity on the dielectric 

spheres appears to govern the induced charge polarity on the copper ring. With 

these induction experiments complemented by theoretical scrutiny, our aim is to 

offer insights that define the output traits of TENGs, especially those primarily 

driven by electrostatic induction. This understanding holds promise for 

characterizing even the most intricate non-contact TENG devices with specific 

induced charge patterns. 

We aim to delve deeply into the workings of non-contact mode triboelectric 

nanogenerators (TENGs) that exhibit intricate spatial charge distributions. By 

understanding the mechanics behind these non-contact mode TENGs, our objective 

is to pave the way for designs that harness mechanical energy most effectively. 
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Such TENGs have the potential to be more efficient, dependable, and cost-friendly, 

capturing energy from diverse sources like human movements, ambient wind, and 

vibrations to fuel electronic devices. Ultimately, our findings seek to propel 

advancements in sustainable energy collection, emphasizing the potential of both 

contact and non-contact model TENGs. 

5.3 Electrical performance and mechanisms of the non-contact 

TENG unit 

In our examination of the non-contact copper-ring TENG, as depicted in Fig. 

6.1, its design hinges on two primary components: a charged dielectric sphere and 

a copper ring. The dynamics of this system become apparent when the charged 

dielectric sphere, which serves as the moving part, interacts with the copper ring. 

The interaction manifests through the induction and consequent distribution of 

electric charges on the copper ring's surface. 

 

Figure 5.1. Experimental schematic of the copper ring-based power generation unit.  
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Starting with the behavior induced by charged spheres, we systematically 

investigated the outcomes for both positively and negatively charged spheres, as 

displayed in Figs. 6.2 and 6.3. A noteworthy observation is the distinct generation 

of a positive electric potential signal within the ring when a positively charged 

sphere navigates through it. This occurrence stands as clear evidence of the ring 

accommodating induced positive charges. An especially significant revelation is 

the magnitude of the induction effect. As seen in Fig. 6.2b, c, and d, measurements 

of electric potential, current, and surface charge reach their peak when the charged 

dielectric sphere is precisely aligned with the copper ring's center. This suggests 

that the spatial relationship between the sphere and the ring plays a crucial role in 

the efficiency of charge induction. Further scrutiny of Fig. 6.2 reveals a consistent 

induction pattern. The emergence of three distinct peaks consecutively when three 

positively charged spheres pass through the copper ring implies a one-to-one 

relationship. Each sphere's transit is directly responsible for generating a singular, 

distinct peak. These findings not only provide clarity on the fundamental workings 

of the non-contact copper-ring TENG but also highlight the conditions optimizing 

its efficiency. Both the sphere's position relative to the copper ring and its charge 

type significantly influence the induction outcomes.  

The behavior we observe is rooted in the principles of electrostatic induction[4; 

119; 179-181]. At its core, electrostatic induction is a mechanism where the electric 

charge distribution of one material shifts due to the proximity of other charged 

objects. For instance, when we introduce a positively charged dielectric sphere to 

the vicinity of the copper ring, as shown in Fig. 6.1, it pulls the copper ring's 

negative charges towards itself while simultaneously pushing away the ring's 
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positive charges. This action results in a rearrangement of charges within the copper 

ring, leading to the results: negative charges accumulate closer to the sphere (inside 

the ring), and positive charges position themselves away from the sphere (outside 

the ring). 

 

Figure 5.2. Electrical performance when positive charged spheres pass through a 

copper ring. Radius of the charged sphere is 0.5 cm. Radius of the copper ring is 

1.5 cm. 

 

Turning our attention to the interactions involving a negatively charged sphere, 

we observe a marked contrast from the earlier results. Specifically, as shown in 

Figure 6.3, when a negatively charged sphere passes through the copper ring, it 

induces a negative electric signal. This demonstrates a direct correlation between 

the polarity of the charge on the dielectric sphere and the subsequent electrical 
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response within the copper ring. A more granular exploration into the spatial 

positioning unveils further intricacies. The electric potential and surface charge 

density reach their peak when the negatively charged dielectric sphere is precisely 

aligned with the center of the copper ring, as detailed in Fig. 6.3b, 6.3c and 6.3d. 

Such observations accentuate the pivotal role of the sphere's position in relation to 

the copper ring in determining the optimal induction effects. Consistent with the 

behavior elucidated in Fig. 6.3, a clear and repeatable pattern emerges. As three 

negatively charged spheres sequentially pass through the copper ring, the data 

indicates the formation of three distinct peaks. This continuous yet discrete 

induction pattern underscores a one-to-one relationship: each sphere's journey 

through the copper ring results in a singular and identifiable peak.  

From the data collected, a comprehensive interpretation can be derived by 

grounding our understanding in foundational electrostatic principles, specifically 

the mechanism of electrostatic induction[176; 182-185]. This phenomenon 

encapsulates the redistribution of electric charges within a material when exposed 

to external charged bodies. To elucidate, when introducing a negatively charged 

dielectric sphere to the proximity of a copper ring, an intricate charge interaction 

ensues. The sphere's negative charges exert an attractive force on the ring's positive 

charges, concurrently exerting a repulsive force on its negative counterparts. This 

dynamic induces a transient charge redistribution within the copper matrix. This 

perturbed state persists as long as the charged sphere remains in close proximity. 

However, upon increasing the separation between the entities, the copper swiftly 

reverts to its electro-neutral equilibrium. This rapid neutralization can be attributed 

to the inherent thermal agitation of atomic constituents, facilitating the reintegration 

of charges. This sequence of electrostatic interactions culminates in pronounced 
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peaks in both electric potential and induced surface charge. 

 

Figure 5.3. Electrical performance when a negative charged sphere pass through a 

copper ring. Radius of the charged sphere is 0.5 cm. Radius of the copper ring is 

1.5 cm. 

5.4 Conclusion 

In summarizing our research, we find it essential to revisit the guiding force 

behind our work: Lord Kelvin’s water-drop electrostatic generator. From it, we 

designed non-contact TENGs, focusing on the charged dielectric sphere-copper 

ring configuration. Our goal was straightforward: capture mechanical energy using 

only electrostatic induction. We examined both positively and negatively charged 

models. Despite the apparent simplicity of the non-contact copper ring model 

TENG, it revealed crucial information. This model, even in its basic form, helped 

us understand TENGs that solely rely on electrostatic induction. Revisiting our 
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initial discussions, the potential of TENGs in energy conversion is clear. They offer 

practical solutions for everyday energy needs. Our research adds depth to the 

understanding of non-contact TENGs, especially those with detailed charge 

distributions. It's these insights that we believe will guide better TENG designs in 

the future, ensuring efficient energy capture from various mechanical sources. In 

conclusion, our work offers a clearer picture of non-contact TENGs and their 

workings. We hope that our findings will influence future research and design, 

pushing TENG technology forward. 

 
  



125 
 

Chapter 6. Simulation model of a non-contact 
triboelectric nanogenerator  

6.1 Abstract 

Based on the coupling effects of contact electrification and electrostatic 

induction, a triboelectric nanogenerator (TENG) can convert mechanical energy 

into electric power, which is at the cutting edge of alternative energy technology. 

Although a considerable number of TENGs with different configurations have been 

designed, some of them however, which only depend on the electrostatic induction 

effect have not received enough attention. Here, a non-contact TENG model 

consists of copper rings and charged dielectric sphere is presented, which is aimed 

at exploring the working process of TENGs caused by electrostatic induction. Two 

classical models, including vertical and horizontal double copper rings models are 

also proposed. Relevant advanced and accurate models of TENGs have been 

established through the finite element method. We anticipate that the constructed 

model and theoretical analysis are helpful for the design of non-contact model 

TENGs with complicated geometric construction, and expand their applications in 

various fields. 

6.2 Introduction 

Based on the coupling effects of contact electrification (CE) and electrostatic 

induction [9; 27; 39; 186], triboelectric nanogenerators (TENGs) have been 

fabricated and demonstrated as a cutting-edge technology in the field of energy 

conversion [93; 112; 187-191], which belongs to the class of mechanical energy 

harvesters [59; 192-197]. To date, five basic modes of TENGs have been designed, 

which are: vertical contact mode, single-electrode mode, lateral sliding mode, 

freestanding mode, and rolling mode[55]. Each mode has its own respective 



126 
 

structure and output characteristics. Using Maxwell’s displacement current as the 

driving force,[134; 156; 198; 199] a TENG device can effectively convert 

mechanical energy into electricity, giving TENGs many potential applications in 

our daily life, such as self-powered sensors, wearable electronics, raindrop energy 

collectors, etc. [200-207] A considerable number of TENGs with different 

configurations have been designed,[208; 209] but most of them are operated 

according to the coupling effects of CE and electrostatic induction. Very few 

investigations have been carried out, however, for elucidating the working 

mechanism of TENGs that depend on electrostatic induction alone. In other words, 

this is an aspect that has not received enough attention in the past.  

Zuankai Wang’s group (2020) have developed a droplet-based electricity 

generator (DEG) to harvest energy from impinging water droplets, based on the 

effect of contact electrification and electrostatic induction.[171] The DEG utilizes 

a structure that includes an aluminum electrode and a polytetrafluoroethylene 

(PTFE) film atop an indium tin oxide (ITO) substrate. As the droplets continuously 

fall on the device, charges are generated and stored in the PTFE as a result of 

contact electrification between the water droplets and the fabricated device; while 

opposite charges are electrostatically induced on the ITO for charge transfer to the 

aluminum electrode, so a closed-loop electrical system is formed. Dating from 1867, 

one of the most remarkable and impressive displays of static electricity is an 

experiment using Lord Kelvin’s water-drop electrostatic generator.[170; 172; 173] 

This classical device uses falling water to generate voltage differences by 

electrostatic induction occurring between interconnected, oppositely charged 

systems. The generated voltage keeps growing as the water droplets continue to 

impinge on the device, which eventually leads to an electric arc discharge in the 
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form of a spark. This is a typical example of how electric power can be generated 

just through electrostatic induction. It should be noted that its simple construction 

makes this device popular in physics education as a laboratory experiment for 

students, which has been a big inspiration for us to design a special TENG device. 

Here, inspired by Lord Kelvin’s electrostatic water dropper, a copper-ring-

model TENG has been designed, which consists of a charged dielectric sphere and 

two copper rings (Fig. 6.1a). As a charged sphere passes through the center of the 

copper rings, opposite electrical charges are induced in the copper rings. Using this 

classical induction phenomenon, two types of models of TENGs have been 

constructed: a vertical double copper ring (metal electrode) model (VDR) and a 

horizontal double copper ring model (HDR). We have elaborated how the key 

parameters such as the radius of charged sphere and copper ring as well as the 

distances between the rings, etc., affect the basic output performance. Most 

importantly, the finite element method (FEM) through COMSOL software was 

utilized to simulate the whole energy harvesting system based on the TENGs. 

Despite the simple geometry of these structures, many interesting and surprising 

findings have been observed from the advanced simulations. For instance, some 

results indicate that the relative positions of the double copper rings sensitively 

influence the electric potentials of each ring. As the vertical distance between the 

two copper rings increases, the peak of electric potential begins to divide itself into 

two; but the two divided peaks are equal to each other. Through the established 

FEM models and the corresponding quantitative analysis, we expect to see these 

explorations help to characterize the output characteristics of TENGs, the operation 

of which only depends on the electrostatic induction, even when a non-contact 

model TENG device has an extremely complex and specific induced charge 
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distribution. 

Our research aims to provide significant insights into the operation of non-

contact model triboelectric nanogenerators (TENGs) with a complex and spatially 

induced charge distribution. By gaining insights into the working mechanism of 

non-contact model TENGs, we can contribute to achieving optimal designs and 

applications of TENGs for efficient mechanical energy harvesting. The non-contact 

model TENGs could be more efficient, reliable, and cost-effective, allowing them 

to harness mechanical energy from various sources, including human motion, wind, 

and vibration, to power electronic devices. Overall, this research may provide 

reference information to drive the growth of sustainable energy harvesting 

technologies through not only by contact model TENGs but also by non-contact 

model TENGs. 

6.3 Finite element method simulation of non-contact 
triboelectric nanogenerator models 

As demonstrated in Fig. 6.1a, a non-contact copper-ring model TENG consists 

of two parts: a charged dielectric sphere and two copper rings. As the charged 

dielectric sphere (moving part) passes through a copper ring, electric charges are 

induced and distributed on the surface of the copper ring. In particular, when the 

charged dielectric sphere is passed through the center of the copper ring, the largest 

electric potential and surface charge density are observed (Fig. 6.1c and d). A 

series of experiments have been carried out to validate the simulation results, and 

the experimental schematic is demonstrated in Fig. 6.1b. We have found that there 

is a good agreement between the experimental and simulation results. As illustrated 

in Figs. 6.1e and 6.1f, three peaks are continuously produced when three positively 

charged spheres are passing through the copper ring. That is, it generates one peak 
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at a time. Since the simulation model is proposed based on certain assumptions, 

such as assuming that the copper rings are perfect conductors and neglecting some 

small effects that may occur in the experimental setup, there are some differences 

between the experimental and simulation results, which does not influence the 

accuracy of our conclusions. 

It should be noticed that two opposite induced charge signals are obtained in 

Fig. 6.1g and Fig. 6.4 when a positive charged sphere is passing through the copper 

ring. This seemingly paradoxical results can be explained through the effect of 

electrostatic induction. Electrostatic induction is a physical process, which leads to 

a redistribution of electric charge on one material under the influence of one or 

more nearby objects that have electric charge. When the positively charged 

dielectric sphere is brought near a copper ring (metal conductor, in Fig. 6.1a), the 

positive charges start attracting the negative charges of the copper ring. 

Additionally, the positive charges repel the positive charges within the copper ring. 

This then creates a relocation of electrical charges within the metallic ring. That is 

why the induced negative charges and positive charges are located in and out of the 

copper ring, respectively (Fig. 6.1g). Need to be reminded that in order to focus our 

attention to the influence of electrostatic induction, the copper ring in our 

theoretical simulation model is no grounding. On the contrary, if the copper ring is 

grounded, only the opposite charges can be generated on the inside of the copper 

ring, because the like charges on the outside have been flowed into the ground at 

this condition. Therefore, there is a positive charge signal is observed in Fig. 6.1f. 

And in the experiments, the radii of the charged sphere (rs), and copper ring (rc) are 

0.5 cm and 1.5 cm, respectively. 
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Figure 6.1. Schematic diagram showing the finite-element structure model, 

experimental schematic, and the comparison between the simulation results and 

experiments results. (a) Simulation model of charged sphere passing through a 

single copper ring, double vertical copper rings and double horizontal copper rings, 

respectively. (b) Experimental schematic of charged sphere passing through a single 

copper ring. The simulated (c, d) and experimental (e, f) electric potential and 

surface charge density of a single copper ring when a charged sphere passes through 

it (radius of charged sphere, rs = 0.5 cm; radius of copper ring, rc = 1.5 cm). (g) 

Surface charge density of inside and outside the copper ring when a positive 

charged sphere passed through. 

 

More simulations were performed to investigate what are the key influences and 



131 
 

how these influences affect the electric potential and induced charge density. Firstly, 

the influences of positively and negatively charged spheres were studied (Figs. 6.2a 

and 6.2b). It is observed that a positive electric potential signal is generated in the 

copper ring when a positively charged sphere passes through it, demonstrating the 

distribution of induced positive charges on the copper ring. In contrast, a negatively 

charged sphere passing through the copper ring results in a negative electric signal. 

The corresponding distributions of electric potential simulated by the FEM model 

are demonstrated in Fig. 6.2g and Fig. 6.2h. It is well known that the geometry of 

the TENG structure exerts a strong influence on the basic outputs. Here, we are first 

focusing on the radii of the charged sphere and the copper ring. Figure 6.2c reveals 

that there is a sharp rise of the electric potential when rs is increased to 1.0 cm, 

while there is a marked drop as rs is decreased to 0.5 cm. What can be clearly 

observed in Figure 6.2e is that the peak of the electric potential is proportional to 

the ratio of rs/rc. The electric potential peak reaches -7.28 kV when rs/rc is equal to 

0.667, and it falls to -67 V as rs/rc decreases to 0.067. A similar phenomenon is 

shown in Fig. 6.2d and 6.2f, where the peak of the induced surface charge density 

is proportional to the ratio of rs/rc as well. The simulation results depicted in Fig. 

6.2f show that the induced surface charge density peak grows to -10.157 μC/m2 

when rs/rc is 0.667, and it drops to -0.086 μC/m2 as rs/rc decreases to 0.067.  
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Figure 6.2. Basic simulation results for charged sphere passing through a single 

copper ring. (a) Electric potential and (b) surface charge density of the copper ring 

when a charged sphere passes through. (c) – (f) Electric potential and surface charge 

density of the copper ring when charged spheres with different radii pass through 

the charged sphere (the radius of the charged sphere, rs = 0.1 cm, 0.5 cm, and 1.0 

cm, while the radius of the copper ring, rc = 1.5 cm). (g) Distribution of electric 

potential (V) and (h) its contours when the sphere is positively charged and 

negatively charged separately. 

 

We then changed the radius of copper ring rc to validate the above findings. 
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Figure 6.3a and 6.3b illustrates how the variation of rc affects the electric potential 

and surface charge density of the copper ring, respectively. As the rc increases from 

0.6 cm to 3.0 cm, the electric potential of the copper ring decreases from 4.619 kV 

to 0.884 kV (Figure 6.3a), and the surface charge density exhibits a similar 

downward trend, which decreases from -15.117 μC/m2 to -0.566 μC/m2 (Figure 

6.3b). The electric potential contours calculated for different radii of the copper 

ring are illustrated in Figure 6.3e. These results further validate what is shown in 

Figure 6.2e and 6.2f. When the radius of the charged sphere is close to that of the 

copper ring (Figure 6.3e1), we can obtain a large electric potential and induced 

surface charge density in the copper ring. On the contrary, the reverse trend is seen 

if there is a bigger rc (Figure 6.3e3). In addition, if the rs and rc remain constant but 

the surface charge density of the charged sphere varies, we can get some really 

interesting findings. The results presented in Figure 6.3c and 6.3d show that the 

electric potential and induced surface charge density are proportional to the surface 

charge density ρs of the charged sphere. When the ρs becomes gradually larger, 

from 1 μC/m2 to 50 μC/m2, the electric potential of the copper ring is increased from 

0.182 kV to 9.103 kV (Fig. 3c and 3d); while the relevant induced surface charge 

density of the copper ring rises from 0.226 μC/m2 to 11.318 μC/m2. Note that, since 

there is only one copper ring, this special structure can be regarded as a single mode 

TENG. So, we can reach the general conclusion that the basic output performance 

of this single mode TENG is strongly linked to the surface charge density of the 

charged sphere. 

Table 6.1. Parameters utilized in the numerical calculations for the single-copper-

ring mode TENG. 

Model component Parameter utilized 
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rs 0.1 ‒ 1.0 cm 

rc 0.6 ‒ 3.0 cm 

Surface charge density, ρs 1 ‒ 50 μC/m2 

Maximum falling height, zmax 40 cm 

 

The above results are easily to understand and can be interpreted through 

electrostatics and the phenomenon of electrostatic induction. This electrostatic 

influence is a redistribution of electric charge on one material under the influence 

of one or more nearby objects that have electric charge. The charged object acts 

through its electric field even to more distant bodies, thus changing their original 

non-electrical state. For instance, when a negatively charged dielectric sphere 

(charged object) is brought near a copper ring (metal conductor), the negative 

charges start attracting the positive charges of the copper ring. Additionally, the 

negative charges repel the negative charges within the copper ring. This then creates 

a relocation of electrical charges within the metallic ring. The electrical charges 

will remain in the redistributed state as long as the charged dielectric sphere is kept 

near the copper ring. When the charged sphere starts moving away, however, the 

metallic ring loses its charge instantaneously, which is because of the thermal 

motion of the atoms, which causes the charges to integrate again. Finally, an electric 

potential peak and induced surface charge peak are created.  

Furthermore, when either the radius of the charged sphere or that of the copper 

ring (or both) increases/decreases, it will change the distance between them, 

changing the electric field intensity, which affects the charge redistribution of the 

copper ring. It should also be clear that the electric potential of the copper ring is 

determined by the special charge distributions both in the sphere and copper ring. 

In our simulations, the copper ring is never grounded, so the electrically charged 
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sphere can induce equal and opposite charges in the copper ring (see the Figure 

6.4). When the charged sphere is either close to or far away from the copper ring, 

it does not receive or transfer any electrons from/to the copper ring (or metal 

electrode) by electrical induction., However, if the copper ring is grounded, charges 

opposite in polarity will become attracted according to the electrostatics; in other 

words, the copper ring will display the charge that is opposite to the inducing charge.  

 

Figure 6.3. Simulation results for a charged sphere passing through single copper 

ring. (a) Electric potential and (b) surface charge density of the copper ring when a 
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charged sphere passes through single copper rings with different radii (rs = 0.5 cm, 

rc = 0.6 cm, 1.5 cm, and 3.0 cm). (c) Electric potential and (d) surface charge density 

of the copper ring when charged spheres pass through with different charge 

densities (rs = 0.5 cm, rc = 1.5 cm, ρs = 1 μC/m2, 10 μC/m2, and 50 μC/m2). (e) 

Contours of electric potential (V) when charged spheres (ρs = 10 μC/m2, rs = 0.5 

cm) pass through single copper rings with different radii (rc = 0.6 cm, 1.5 cm, and 

3.0 cm). 

 

 

Figure 6.4. Surface charge density for different positions of the copper ring in the 

single copper ring model. 

 

In addition, a vertical double copper ring model (VDR) was introduced to 

further investigate the variation of the output characteristic of a TENG based on 
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electrostatic induction and to provide a thorough understanding of the charge 

distribution (Fig. 6.1a). The VDR TENG model consists of a charged dielectric 

sphere (moving part, rs = 0.5 cm) and double copper rings with the same radius (rc 

= 1.5 cm). The double copper rings are vertically oriented and centered on the same 

y axis. As the charged dielectric sphere passes through the two copper rings 

successively, electric charges are induced and distributed on the surfaces of both of 

the copper rings. We have investigated the influence of geometrical parameters in 

the single copper ring model, such as the radius of the charged sphere and copper 

ring, here we are focusing on the vertical distance between the vertical double 

copper rings. Under open circuit (OC) conditions, no charges are transferred 

between the two copper rings, and consequently, only induced electric charges are 

distributed on the surfaces of the copper rings, so the electric potential difference 

between the double copper rings is presented. Under short-circuit (SC) conditions, 

free charges flow in the double copper rings to reduce the potential difference, so 

the transferred charged density of the double copper rings is presented. The electric 

potential difference at OC condition and the transferred charge density at SC 

condition between double copper rings with different vertical separations (heights) 

are presented in Fig 6.5a. It can be easily observed that the open circuit voltage and 

transferred charge density are proportional to the vertical distance, illustrating that 

the relative distance sensitively affects the output performance of the VDR TENG 

model. Several other intriguing findings have been found also, such as the fact that 

the surface charge density varies significantly among the various positions of the 

copper ring (Fig. 6.5b and Fig. 6.5c). The surface charge density at the two points 

of the vertical double copper rings has a similar value but a different trend while 

they are operating under OC conditions. On the other hand, the surface charge 
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density of both points shows the same trend but a different value when the vertical 

double copper rings are under SC conditions. The above mentioned phenomena are 

attributed to the symmetrical structure of the double copper rings. When the 

charged dielectric sphere passes through the center of the copper ring, it induces 

equal and opposite charges on both sides of the copper ring due to the symmetry. 

Note that because the double copper rings whether at OC or SC conditions are not 

grounded, the similar surface charge density can be obtained. In theory, the surface 

charge densities at any point in the copper rings should be same at SC conditions, 

since it must keep the same electrical potential of the two copper rings. However, 

the copper rings have no grounding in our simulations, which make the free charges 

distributed in these rings cannot flow freely, thus generating a non-uniform surface 

charge density. But what is certain is that the total charges stay the same. This is 

the reason why there are different peak shapes of the up and down in Fig. 6.1c.  

 Fig. 6.5d presents the electric potential of both copper rings under SC 

conditions. The electric potential of each copper ring in the VDR model drops with 

increasing vertical separation. The peak electric potential of double copper rings at 

0.5 cm in height is 1.787 kV, which is comparable to the basic output of the single 

copper ring model (1.82 kV). The peak value only reaches 0.949 kV when the 

height is 20 cm. Another finding is that when the vertical separation is large enough 

(in this case, 3 cm), the peak of the electric potential is divided into two, and the 

two newly formed peaks are equal to one another while maintaining symmetry. 

This phenomenon indicates that as the vertical separation increases, the effect of 

induced electrification caused by one copper ring enhances gradually, which 

generates peak one by one when the charged sphere passing through.  

Table 6.2. Parameters utilized in the numerical calculations for the vertical double-



139 
 

copper-ring mode TENG. 

Model component Parameter utilized 

rs 0.5 cm 

rc 1.5 cm 

Surface charge density, ρs 10 μC/m2 

Maximum falling height, zmax 40 cm 

Vertical height between double 

copper rings, h 
0.1 ‒ 1.0 cm 

 

When the charged dielectric sphere approaches the open-circuited double 

copper rings, the free electrons in the ring experience a static electric force and 

move to the area farther away from the charged sphere, leading to the creation of 

induced charges on the ring. These induced charges create an electric field and 

induce an electric potential. The magnitude of the induced potential depends on the 

distribution and variation of the electric field. When the charged sphere passes 

through the copper rings vertically, the induced charges concentrate at the top and 

bottom of the vertical double copper ring model, creating an electric potential and 

inducing an electric current on the ring. As the vertical separation increases, the 

electric field lines generated by the two copper rings become more diffused, and 

the total strength of the electric field decreases, either, which generates a lower 

electric potential. Most importantly, when the vertical separation increases to some 

extent (h = 5 cm), the time difference through the copper ring plays an increasingly 

important role, thus generating peaks one by one and each corresponding to the 

induction effect of a single copper ring. So, this is in fact a revelation to us that an 

appropriate architecture is strongly important for a non-contact model TENG. Fig. 

6.5e demonstrates the three-dimensional distributions of electric potential and 
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electric field (arrows) when the charged dielectric sphere is passing through the 

center of the copper rings. The electric potential contours calculated at different 

vertical distances of the double copper rings are described in Fig. 6.5f, which 

directly depicts the effect of the vertical separation of the rings on the output 

performance of the VDR model. 
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Figure 6.5. Simulation results for a charged sphere passing through vertical double 

copper rings (ρs = 10 μC/m2, rs = 0.5 cm, with the radius of the double vertical 

copper rings the same, rc = 1.5 cm). (a) Electric potential difference (in the open-

circuit condition) and transferred charge density (in the short-circuit condition) 

between double vertical copper rings when a charged sphere pass through at 

different heights of the top ring (where the height between the double vertical 

copper rings, h = 0.1 cm, 0.5 cm, 1 cm, 2 cm, and 3 cm). Surface charge density of 

different positions on the copper ring under (b) open-circuit (OC) conditions and 

(c) short-circuit (SC) conditions. (d) Electric potential of vertical double rings in 

the OC condition when h changes (h = 0.5 cm, 2 cm, 3 cm, 5 cm, 10 cm, and 20 

cm). (e) three-Dimensional distribution of electric potential (indicated by colors) 

and electric field (indicated by arrows) when a charged sphere pass through the 

double vertical copper rings separated by 0.5 cm. (f) Distribution of electric 

potential under OC conditions when h changes (h = 0.1 cm, 1.0 cm, and 3.0 cm). 

Moreover, the VDR model was converted to an offset double-copper-ring 

model (with horizontal as well as vertical separation of the centers of the rings) to 

validate the above findings. A schematic illustration of a charged sphere passing 

through the offset double rings model is presented in Fig. 6.5c with its key 

parameters attached. Here, the horizontal distance s between the centers of double 

copper rings is treated as the most important factor in the model, and the 

investigation covered the situations where both double copper rings were at OC 

condition and where they were at SC condition. The electric potential difference 

between the double copper rings in the OC condition is shown in detail according 

to the variation of s in Fig. 6.5a. It can be clearly seen that the electric potential 

difference grows with s, and what is also interestingly found is that two electric 
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potential peaks are first created, and then they merge into a single peak as the 

horizontal distance between the centers of the copper rings varies from 0.8 cm to 

2.2 cm. The same phenomenon is also exhibited for the peak of transferred charge 

density at SC condition (Fig. 6.6b). Fig. 6.6e shows slices of the electric potential 

distribution when the charged dielectric sphere is at the center of the lower copper 

ring (with the double copper rings at OC condition), which validates the above 

results again. A three-dimensional electric potential distribution of the offset 

double-copper-ring model at SC condition is given in Fig. 6.6d, with the arrows 

representing the electric field and the charged sphere at the center of the lower 

copper ring at a distance s of 0.5 cm. Note that we fixed the radius of the charged 

sphere rs, the radius of both copper rings rc, the surface charge density of the sphere, 

and the vertical height between the double copper rings h at 0.5 cm, 1.5 cm, 10 

μC/m2, and 0.5 cm, respectively, in the offset double copper rings model.  

Table 6.3. Parameters utilized in the numerical calculations for the horizontal 

double-copper-ring mode TENG. 

Model component Parameter utilized 

rs 0.5 cm 

rc 1.5 cm 

Surface charge density, ρs 10 μC/m2 

Maximum falling height, zmax 40 cm 

Horizontal distance between 

double copper rings, s 
0.1 ~ 1.0 cm 

 

Whether the two created peaks merged into one single peak for the offset 

double-copper-ring model, or the one single peak derived into two equal and 

symmetry peaks of the vertical double copper ring model, the essential reason of 
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generating above two phenomena is the same, both of which are caused by 

electrostatic induction. When the positions of the two copper rings are strongly 

close to each other, the induced charges can be created at about the same time, 

giving rise to the generation of one electric potential peak (Fig. 6.5). For the offset 

double-copper-ring model, if the distance s is small enough, such as when it is equal 

to 0.2 cm, the charged sphere can pass through the two copper rings instantaneously 

and simultaneously. That is why two peaks of electric potential and surface charge 

density has been observed; in other words, the geometry structure of the VDR 

model is similar to that of the offset double-copper-ring model. However, as the 

distance of s increases until it is sufficiently large (for instance, s = 2.2 cm), two 

copper rings (partitions) cannot interfere with each other (Fig. 6.7). As a result, the 

charged sphere just passes one copper ring each time, and only one single peak is 

observed. On the other hand, through the positions of the two electric potential or 

transferred charges peaks, one can design and fabricate a special kind of position 

sensors to detect the moving objects in practice. 
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Figure 6.6. Simulation results for a charged sphere passing through offset double 

copper rings (ρs = 10 μC/m2, rs = 0.5 cm, with the radii of the double vertical copper 

rings the same, rc = 1.5 cm). (a) Electric potential difference between double offset 

copper rings in the OC condition when the charged sphere passes through at 

different horizontal offsets s (s = 0.2 cm, 0.8 cm, 2.2 cm, 2.8 cm, and 3.0 cm). (b) 

Transferred charge density between double offset copper rings in the SC condition 

when s changes (s = 0.5 cm, 2.5 cm, and 3.0 cm). (c) Structure of charged sphere 

passing through double copper rings and relevant parameters. The variables in the 

structure are defined as follows: rs represents the radius of the charged dielectric 

sphere, rc represents the radius of both copper rings, d represents the displacement 
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of the sphere, h represents the vertical height between the double copper rings, S0 

represents the minimum horizontal distance between the double copper rings, and 

S represents the horizontal distance between the center of the double copper rings. 

(d) 3-Dimensional distribution of electric potential (colors) and electric field 

(arrows) when the charged sphere passes through the offset vertical copper rings 

horizontal offset of 0.5 cm. (e) Distribution of electric potential in the OC 

conditions when s changes (s = 0.5 cm, 2.5 cm, and 3.0 cm). 

Finally, the HDR model was constructed to illustrate whether interaction 

effects occur between the two copper rings. Two copper rings are placed on the 

same horizontal plane, while the charged dielectric sphere passes through the left 

copper ring only. Here, the key factor is the minimum distance S0 between the 

horizontal double copper rings (Fig. 6.6c), and the output performance of the HDR 

models were investigated under both OC and SC conditions. Under OC conditions, 

it can be clearly seen from Fig. 6.9a that the open circuit voltage between the double 

copper rings increases proportionally with S0. Fig. 6.9b presents the electric 

potential of both the horizontal copper rings in detail, respectively (outputs of 

different distances are presented in Fig. 6.7-6.8). It should be noted that the electric 

potential of the left copper ring that charged dielectric sphere passes through is 

constant at 1820 V, which is same as the output in the single-copper-ring model. 

Since the distance between the charged sphere and the left copper ring remains 

constant, there is no variation of the electric field intensity, which means that the 

charge redistribution of the left copper ring remains constant. The variation of the 

horizontal distance S0 affects the charges redistribution of the right copper ring, 

thus affecting the open circuit voltage between double copper rings.  
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Figure 6.7. Electric potentials of both copper rings in the OC condition in the 

crossed double copper rings model, with varying horizontal distance s between the 

double copper rings. 

 

 

Figure 6.8. Electric potentials of both copper rings in the OC condition in the 

horizontal double copper ring model, where the minimum distance S0 between 

double copper rings varied from 0.5 cm to 10 cm. 

 

Although there is no charge transfer between the copper rings when they are 

under OC conditions, the surface charge densities of both copper rings (Fig. 6.9c) 
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at the minimum distance S0 of 0.5 cm are different with each other. We find that 

the surface charge density of the left copper ring where the charged sphere passes 

through is obviously larger than that of the right copper ring, which is mainly 

because the left copper ring is closer to the charged body. To keep the process of 

electrostatic equilibrium, large number of charges are induced rapidly in this copper 

ring, resulting a higher peak than that of the right copper ring. The contours of the 

double copper rings under OC conditions when S0 is changed are depicted in Fig. 

6.9f, which obviously demonstrates the variation of electric potential when S0 is 

varied from 0.5 cm to 3.0 cm. The output performance was also simulated for the 

situation where the double horizontal copper rings are under SC conditions, and the 

results were compared with those under OC conditions at the distance S0 of 0.5 cm. 

The surface charge density of the left copper ring that the charged sphere passes 

through is given in Fig. 6.9d under both OC and SC conditions. The electric 

potentials under both conditions are compared in Fig. 6.9e with the arrows 

representing the electric field. From the above findings, we can reach the general 

conclusion that the relative distances and positions of the double copper rings 

extraordinarily affect the basic output performances of HDR TENG models. The 

detailed reason about why these phenomena has been happened were mentioned 

above.  
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Figure 6.9. Simulation results of charged sphere passing through horizontal double 

copper rings (ρs = 10 μC/m2, rs = 0.5 cm, the radii of the double horizontal copper 

rings are the same, rc = 1.5 cm). (a) Electric potential difference between double 

horizontal copper rings when the closest distance between the double horizontal 

copper rings S0 changes (S0 = 0.5 cm, 1 cm, 2 cm, 3 cm, 5 cm, and 10 cm). (b) 
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Electric potential and (c) surface charge density of both horizontal copper rings 

under OC conditions when S0 = 0.5 cm. (d) Surface charge density comparison 

when the horizontal double copper rings are under OC and SC conditions. (e) 

Distribution of electric potential (colors) and electric field (arrows) when the 

charged sphere passes through the double horizontal copper rings. (f) Contours of 

the electric potential (V) under OC conditions when the distance between the 

double horizontal copper rings S0 changes (S0 = 0.5 cm, 2 cm, and 5 cm). 

 

6.4 Conclusion 

Inspired by Lord Kelvin’s water-drop electrostatic generator, non-contact 

copper ring TENGs, including vertical and horizontal models are developed in this 

work, which are intended to harvest mechanical energy only through the effect of 

electrostatic induction. By using COMSOL, the large finite element method 

software package, we have explained how different key parameters, such as the size 

of the charged sphere and copper ring, the surface charge density, and the relative 

positions of the copper rings, affect and control the basic output performance of 

TENGs. It was observed that the electric potential and induced surface charge 

density are proportional to the radius of the charged sphere, and interestingly they 

are inversely proportional to the radius of copper ring. What needs to be 

emphasized is that the electric potential and transferred charges of the designed 

TENGs are powerfully influenced by the relative positions of these copper rings.  

In the case of the vertical double copper ring (VDR) model TENG, its open 

circuit voltage is proportional to the vertical distance between the two copper rings. 

Under short circuit conditions, however, the electric potential of each copper ring 

decreases with increasing vertical spacing. When the vertical spacing was large 
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enough (for instance, 3 cm in this work), the peak of the electric potential began to 

divide itself into two; and the two generated two peaks were equal to each other, 

always maintaining symmetry. In the case of the horizontal double copper ring 

(HDR) model TENG, it is interestingly found that the two electric potential peaks 

are created first, and they then merge into one peak as the distances between the 

copper rings increases from 0.2 cm to 2.2 cm. The same phenomenon was also 

exhibited by the peak of the transferred charge density for the HDR model TENG. 

The non-contact copper ring model TENG is chiefly characterized by the simplicity 

of its structure, but it could exhibit enough information to describe the basic output 

characteristics of TENGs that harvests energy just by the electrostatic induction 

effect alone. This work is likely to provide special insights to understand the 

working mechanism of non-contact model TENGs with a complex and spatially 

induced charge distribution, thus contributing to the achievement of optimum 

designs and applications of TENGs for mechanical energy harvesting. 
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Chapter 7. Conclusions and Prospects 

7.1 Conclusions 

In this doctoral work, electrical output performance and working mechanisms 

of solid-liquid triboelectric nanogenerators are investigated. The major conclusions 

are as following: 

1. An equivalent circuit model of a water-solid mode TENG is proposed, 

which allow us to have a better understanding about the physical mechanism of this 

typical energy harvesting device. First, it has been found that EDLs and EDLCs are 

formed on the water-solid interfaces, which includes the water-PTFE interface and 

the water-electrode interface. Then a full equivalent circuit model of the water-solid 

mode TENG is built by a series connection of the two EDLCs and the water resistor, 

according to the lumped-circuit theory. The EDLC is essentially a nonlinear 

capacitor with voltage-dependent capacitance, making it arduous to analytically 

solve the TENG’s governing equation, but it is still an attractive option for us to 

quantitatively predict the output performances. Furthermore, the influences of 

structure parameters and operation conditions on the electrical response have been 

carried out directly, by which the relevant working mechanism behind them are in 

depth discussed. The results suggest that selecting suitable materials, increasing the 

contact area, and increasing the velocity are beneficial to improve the basic output. 

Moreover, a three-dimensional water-solid TENG array comprising many single-

wire TENGs was designed. This special TENG array can not only convert the tiny 

mechanical energy from water movement in random directions into electricity, but 

also could be connected into a network structure for harvesting large-scale energy 

due to its high scalability, which would further verify our theoretical analysis.  

2. Inspired by the Lord Kelvin's water-drop electrostatic generator, we 
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developed non-contact copper ring TENGs, encompassing both vertical and 

horizontal models, in order to harvest mechanical energy exclusively via 

electrostatic induction. Utilizing the finite element method, we analyzed key 

determinants like charged sphere and copper ring dimensions, surface charge 

density, and relative ring positions, on TENG performance. Obviously, electric 

potential and induced surface charge density are proportionate to the charged 

sphere's radius, but inversely with the copper ring's radius. One important aspect to 

note is that the electric potential and charge transfer are substantially determined 

by the positions of the copper rings. The non-contact copper ring TENG stands out 

for its structural simplicity, yet it illuminates fundamental characteristics of TENGs 

that solely harness electrostatic induction, offering insights into the operation of 

non-contact TENGs and enhancing mechanical energy harvesting designs and 

applications. 

7.2 Prospects 

The exploration of solid-liquid TENGs has provided a new paradigm for 

energy harvesting and diverse applications. The unique characteristics of liquid-

based environments, coupled with the advancements in understanding the 

fundamental principles and charge transfer mechanisms, have paved the way for 

the development of efficient and versatile liquid-solid TENGs. Although significant 

progress has been made, there are still challenges to be addressed such as enhancing 

device efficiency, stability, and scalability. 

Despite its potential, interface triboelectricity is still a relatively new and 

emerging field. As such, there is still much to be discovered and optimized.  

The rising demand for sustainable and renewable energy solutions positions 

TENGs as pivotal contributors, with their scalability and efficiency aligning with 
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these global needs. Key to their advancement is the research focusing on material 

optimization and design enhancement. The performance of TENGs heavily relies 

on the material properties, including their triboelectric behavior, electrical 

conductivity, and mechanical flexibility. Researchers can focus on discovering new 

materials or engineering existing ones to enhance the performance, stability, and 

durability of TENG devices. The integration of functional materials, such as 

piezoelectric or ferroelectric materials, can also enable multifunctional energy 

harvesting devices. 

Additionally, the understanding and controlling of the liquid-solid interface 

play a critical role in the output performance of TENGs. Future studies can be 

carried out on interface engineering to improve charge transfer efficiency and 

reduce energy loss, which includes exploring surface modification techniques, such 

as surface functionalization, nano structuring, and surface coatings, to enhance the 

interaction between the liquid and solid surfaces. Furthermore, optimizing the 

interface configuration and geometry could lead to the enhancement of charge 

generation and collection, thereby improving the overall performance of TENGs. 

Despite significant progress, there is still much to learn about the fundamental 

mechanisms of governing solid-liquid interface triboelectricity. Researchers can 

delve deeper into addressing the charge transfer processes, interface phenomena, 

and energy conversion mechanisms at the molecular and atomic levels. Advanced 

theoretical modeling, computational simulations, and experimental techniques can 

be employed to reveal the complex dynamics occurring during contact 

electrification and electron transfer at the liquid-solid interface. 
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