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Preface 
 

The thesis is organised as follows: 

 

• The first chapter will provide an overview of textile-triboelectric 

nanogenerators (T-TENGs), focusing on their working mechanisms 

and key parameters. The synthesis and application of 2-dimensional 

(2D) materials for T-TENGs will be summarised. The integration of 

2D materials with T-TENGs will also be presented. Finally, the main 

objectives and methodology will be introduced. 

 

• In the second chapter, the synthesis of graphene ink on a large scale 

via liquid-phase exfoliation will be shown. The process will involve 

the direct ultrasonication of bulk graphite using isopropanol as a low-

boiling-point solvent. The graphene ink and flakes will be thoroughly 

characterised, highlighting their exceptional stability and 

performance for further application. 

 

• In the third chapter, the fabrication of high-performance graphene-

based electrodes on textiles via spray coating will be described. The 

technical parameters of the spray coating process will be optimised 

to achieve effective graphene deposition. Furthermore, with a 

Polyvinyl alcohol (PVA) layer as an adhesive, a great amount of 

graphene will be uniformly anchored to the textile. The wearability 

of the graphene/PVA textile-based electrode will also be investigated. 

 

• The fourth chapter will focus on assembling a graphene/PVA textile-

based electrode into wearable T-TENGs. The working principles of 

the T-TENGs will be examined, and the output performance under 

varying forces and frequencies will be analysed. Additionally, their 

durability and stability will be investigated. Finally, their potential as 

portable self-powered devices and human motion sensors will be 

demonstrated. 
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• The conclusion and perspectives will be given in the last chapter. It 

summarises the development of stable graphene inks, the fabrication 

of graphene/PVA electrodes, the assembly of wearable T-TENGs, 

and their applications, while addressing challenges such as scalability, 

material durability, and performance optimisation for future wearable 

technologies. 
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Chapter 1 

1. Graphene-based wearable textile-triboelectric 

nanogenerators 

 

The rapid advancement of triboelectric nanogenerator-based devices and the 

growing popularity of wearable electronics have increased the demand for 

functional materials suitable for their fabrication. Textile-based materials 

have attracted significant attention in recent studies, particularly for 

wearable textile-triboelectric nanogenerators (T-TENGs), due to their 

outstanding output performance and excellent wearability.1 

Among the materials explored, two-dimensional (2D) materials stand out for 

their broad applications in energy-related fields, especially in T-TENGs. 

These materials, including graphene, graphene oxide (GO), transition metal 

dichalcogenides (TMDs), MXenes, and hexagonal boron nitride (h-BN), 

possess exceptional properties such as superior electronic conductivity, 

mechanical flexibility, transparency, high specific surface area, and 

biocompatibility. These materials hold great potential as electrodes and/or 

active components in T-TENGs.2–4 

 

1.1 Textile-triboelectric nanogenerators 

 

The classical forms of energy production, such as fossil fuels, coal, natural 

gas, and oil have been the primary energy sources for centuries. However, 

these unsustainable energy sources have increasingly been replaced with news 

sources for their detrimental impact on the environment and their limited 

nature. In response, the recent emergence of energy harvesters, particularly 

mechanical energy harvesters, has driven significant advancements and 

innovations in biocompatible and sustainable energy solutions.5 
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1.1.1 Evolution and working mechanism of T-TENGs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The concept of the nanogenerator (NG) was first introduced in 2006, through 

the characterization of the piezoelectric properties of ZnO nanowires (NWs).6 

It converts micro- and nano-scale mechanical energy into electricity through 

the combined effects of piezoelectricity and triboelectricity. NG has 

revolutionised the energy harvesting field. Based on the combined effect of 

triboelectrification and electrostatic induction, Wang and his team first 

demonstrated the polymer-based triboelectric nanogenerators (TENGs) in 

Figure 1 Schematic illustration of the structure and working principle of the first fabricated 

triboelectric nanogenerator.7 

Figure 2 Multi-field intelligent application based on triboelectric nanogenerator.8 
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2012 (Figure 1).7 Since their invention, TENGs have gained huge attention 

due to their relatively high output performance and simple structure, making 

them an ideal renewable energy source for applications such as the Internet of 

Things (IoT), machine learning, and artificial intelligence. 8 

 

TENGs are devices that capture mechanical energy from the environment and 

convert it into electrical energy, basically functioning through the 

combination of electrostatic induction and triboelectrification.  

 

Electrostatic induction is a process where electrons move from one electrode 

to another through an external circuit to balance the potential difference. This 

phenomenon is linked to triboelectrification, which occurs when two different 

materials with opposite tribo-polarity come into contact. Tribo-polarity refers 

to the inherent tendency of a material to either gain or lose electrons upon 

contact with another material. This phenomenon has been known for over 

2600 years, dating back to ancient Greek civilisation, and occurs everywhere 

in everyday life.9 The first electrostatic generator, Wimshurst Machine, was 

developed by British inventor James Wimshurst in around 1880.10 

 

 

 

 

 

 

 

 

 

 

 

Apart from its long history, the exact mechanism behind triboelectrification 

remains an ongoing exploration. Recently, advanced techniques and 

experiments have been used to study contact and friction behaviours at the 

atomic scale. For example, the combination of in situ transmission electron 

microscope (TEM) and atomic force microscope (AFM) measurements was 

employed to observe the atomic-level interference structure in real-time 

Figure 3 Schematic illustration regarding the formation of (a) thunderstorms and (b) basic 

triboelectrification examples. (c) Wimshurst machine developed a century ago.9,10 
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during friction. This revealed the formation of a loosely stacked interface layer 

between two metal micro pumps, which reduces friction under tensile stress.11 

To further understand and describe the contact triboelectrification between 

materials or even individual atoms, an atomic-scale electron cloud potential 

well model based on the electron-emission-dominated charge transfer 

mechanism has been proposed. As illustrated in Figure 4a, when two atoms 

approach and make contact, their electron clouds overlap to form covalent 

bonds. This interaction converts the two single potential wells into an 

asymmetric double-well potential. The overlap reduces the energy barrier 

between the two atoms, enabling electrons to transfer and leading to contact 

electrification (Figure 4b). Surface potential barriers further bind these 

transferred charges in specific orbits, preventing their return and allowing the 

material to retain electrostatic charges for extended periods at room 

temperature (Figure 4c). This process, referred to as the Wang transition, 

provides a foundational understanding for exploring micro-scale and macro-

scale triboelectrification.9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the same working principle as TENGs, a new type of intelligent 

textile, namely textile-TENGs (T-TENGs), has been developed. These 

intelligent textiles combine wearable materials with advanced TENG 

technology and offer two key functions: independent energy harvesting and 

active self-powered energy sensing (Figure 5).12 With the support of wearable, 

Figure 4 Electrification mechanism of mechanical-to-electrical conversion during contact of 

friction process.9 
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self-sufficient intelligent systems, individuals can easily capture and 

efficiently utilise electrical energy. This innovation will contribute to the 

development of people-centred portable electronics and artificial intelligence 

in the future. 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.2 Working modes of T-TENGs 

 

As a new generation of textiles, T-TENGs go beyond traditional roles of 

aesthetics and body-protection from the environment, granting the ability to 

sense, generate power, adapt to external stimuli, and transmit biometric 

information. Human body motion, as a ubiquitous source of vibration and 

friction in daily life, has been a universal energy source that can be harnessed 

using advanced T-TENGs.13,14 

 

T-TENGs are composed of two main components: triboelectric textile-based 

materials and induction electrodes. The triboelectric materials possess 

electron affinity, which determines their ability to either gain or lose electrons 

when in contact with other materials. The induction electrodes, firmly bonded 

to the triboelectric materials, facilitate the transfer of charge during the 

electrostatic induction process. 

 

Based on the operating principles of TENGs, the working modes of T-TENGs 

can be classified into four types: vertical contact-separation mode (CS mode), 

Figure 5 Schematic illustration of smart T-TENGs by converting human motion energies into 

electric energy through TENG technology.12 
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single electrode mode (SE mode), lateral sliding mode (LS mode), and 

freestanding mode (FS mode).15 

 

1.1.2.1 CS-Mode T-TENGs 

 

As shown in Figure 6a, CS-mode T-TENGs consist of two types of functional 

triboelectric textiles with distinct dielectric properties (blue and green), 

integrated with induction electrodes (both grey), arranged face-to-face 

vertically. When vertical compression force is applied, partial contact occurs 

between the opposite textiles. This generates triboelectric charges on the 

surfaces of the contacting textiles, leading to a potential difference between 

them. With two contacting textiles and induction electrodes, a high output 

voltage and current are produced to balance this potential difference. The CS 

mode is ideal for T-TENG designs due to its straightforward construction and 

compatibility with various human motions, including joint flexion, foot 

movements, and finger bending.16–18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 The four working modes of T-TENGs. (a) Vertical contact-separation mode. (b) 

Single-electrode mode. (c) Lateral sliding mode. (d) Freestanding mode.15 
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1.1.2.2 SE-Mode T-TENGs 

 

The working mechanism of the SE mode is depicted in Figure 6b. Unlike the 

CS mode, the SE mode requires only one functional triboelectric textile (green) 

and a single induction electrode (grey), simplifying its design. The electrode 

is connected to the ground to form an electrical path. During cyclical contact 

and separation movements, the triboelectrification effect generates potential 

differences, causing electrons to flow between the induction electrode and the 

ground. SE-mode T-TENGs can be integrated into wearable devices such as 

bracelets or attached directly to human skin, allowing contact with exposed 

skin to harness energy while minimising energy loss. While the electric output 

of SE-mode T-TENGs is lower than CS-mode devices, their simpler structure 

and easier fabrication make them well-suited for flexible and versatile energy-

harvesting applications.19,20 

 

1.1.2.3 LS-Mode T-TENGs 

 

The mechanism of LS-mode T-TENGs is illustrated in Figure 6c. Its structure 

resembles that of the CS mode, consisting of two different triboelectric textiles 

(blue and green) paired with induction electrodes (both grey) placed face-to-

face. The key difference lies in the application of external force in the 

horizontal direction, which generates a potential difference in the non-contact 

areas of the opposing electrodes. This causes electrons to move between the 

electrodes through an external circuit. The sliding action produces significant 

friction, increasing the amount of charge generated and enhancing power 

output. Additionally, this design enables T-TENGs to function effectively at 

high frequencies, improving overall efficiency.21,22 

 

1.1.2.4 FS-Mode T-TENGs 

 

As shown in Figure 6d, FS-mode T-TENGs consist of two stationary 

triboelectric textiles (both green) positioned above two induction electrodes 

(both grey), along with a moving object featuring different triboelectric 

properties (blue). When the moving object slides near one of the stationary 
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textile, electrons are attracted to the corresponding electrode to neutralise the 

positive charges on the stationary triboelectric textile. As the object moves to 

the other stationary textile, electrons flow from the first electrode to the second 

via an external circuit. This mode is particularly well-suited for harvesting 

energy from the motion of free objects.23,24 

 

1.1.3 Typical parameters of T-TENGs 

 

1.1.3.1 Triboelectric materials and components in T-TENGs 

 

The materials used in T-TENGs typically consist of triboelectric material pairs 

and induction electrodes. Compared to standard TENGs, the material selection 

for wearable T-TENGs should prioritise flexibility and wearability. Choosing 

the right materials can significantly improve energy-harvesting efficiency 

under various biometric pressures while ensuring long-term stability and 

excellent comfort in wearable applications. 

 

Triboelectric Materials: The key criterion for selecting triboelectric 

materials is their relative difference in electron affinity, which reflects their 

intrinsic ability to gain or lose electrons. Generally, a greater difference in 

electron affinity between two triboelectric materials results in higher output 

power for T-TENGs. Significant contributions have been made to refine the 

triboelectric sequence, with supplements and corrections provided by various 

researchers.25,26 A commonly accepted triboelectric sequence is presented in 

Table 1, where the red arrow indicates electron-donating ability (positive), and 

the blue arrow indicates electron-accepting ability (negative).27 In 2019, a 

standard method was developed to quantitatively measure triboelectric charge 

densities on material surfaces using liquid metal mercury under specific 

conditions. This study established a quantitative triboelectric material 

sequence with a defined error range, offering an accurate and reliable standard 

for selecting triboelectric materials.28 

 

Triboelectric materials for T-TENGs can generally be categorised into natural 

and synthetic materials. Natural materials, such as cotton, silk, wool, and 
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cellulose fibres, are breathable, soft, and biodegradable. However, they 

typically lack the mechanical strength. He et al. demonstrated that mulberry 

silk, a natural material, serves as a triboelectric positive material, offering high 

output for T-TENGs while maintaining biocompatibility.29 

 

Table 1 Common triboelectric sequences (Positive = Relative ability to 

acquire positive charges upon contact, Negative = Relative ability to acquire 

negative charges upon contact)27 

Positive Polyformaldehyde 

1.3-1.4 
(continued) 

 

 Ethylcellulose Polyester (Dacron)  

Polyamide 11 Polyisobutylene  

Polyamide 6-6 
Polyuretane flexible 

sponge 

 

Melanime formol 
Polyethylene 

Terephthalate (PET) 

 

Wool, knitted Polyvinyl butyral  

Silk, woven Polychlorobutadiene  

Aluminum Natural rubber  

paper Polyacrilonitrile  

Cotton, woven 
Acrylonitrile-vinyl 

chloride 

 

Steel Polybisphenol carbonate  

Wood Polychloroether  

Hard rubber 
Polyvinylidine chloride 

(Saran) 

 

Nickel, copper Polyethylene  

Sulfur Polypropylene  

Brass, silver Polyimide (Kapton)  

Acetate, Rayon Polyvinyl Chloride (PVC)  

Polymethyl 

methacrylate (Lucite) 

Polydimethylsiloxane 

(PDMS) 

 

(continued) 
Polytetrafluoroethylene 

(Teflon) 

Negative 
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Synthetic materials, such as nylon, polyethylene terephthalate (PET), and 

polyurethane (PU), are chemically or mechanically processed from raw 

materials like coal and petroleum. These materials are known for their 

durability, affordability, and quick-drying properties, but they are less 

breathable and non-biodegradable. Prasad et al. showed that surface-modified 

Nylon 11 electrospun film demonstrates strong tribo-positivity in T-TENG 

devices, making it suitable as a portable energy harvester powered by human 

motion.30 

 

Electrode Materials: In T-TENGs, induction electrodes are tightly adjacent 

to triboelectric materials, serving as the medium for electrostatic induction and 

completing charge transfer through an external circuit. Commonly used 

induction electrode materials include metals and derivatives, carbon-based 

materials, and conductive polymers.31 

 

Metals and their derivatives, such as copper, platinum, gold, and indium tin 

oxide (ITO), are commonly used as sheet-form electrodes. However, these 

materials are less suitable for T-TENG electrodes due to their poor gas 

permeability and high rigidity. An alternative approach involves using metal 

nanoparticles or metal nanowires as electrodes. For example, Ag nanowire-

modified fabrics have been fabricated as induction electrodes for T-TENGs 

using a dip-coating technique.32 However, this coating electrode is prone to 

peeling and oxidation, leading to a gradual decline in conductivity. To address 

this issue, Gao et al. developed a scalable core-spun coating strategy, 

encapsulating silver-plated nylon yarn with insulating cotton staple fibres to 

fabricate durable and washable T-TENGs. Additionally, conductive fabrics 

can be produced through various deposition techniques, including sputtering, 

evaporation, and electroplating.33 

 

As environmentally friendly materials, carbon-based conductive materials are 

widely used as induction electrodes for T-TENGs.34 Carbon cloth has been 

reported as an effective induction electrode for single-electrode T-TENGs, 

demonstrating high sensitivity as a wearable finger motion sensor.35 Feng et 

al. chemically grafted carbon nanotubes with poly(ethylenimine) onto the 
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surface of velvet fibres, developing a fully washable and self-powered T-

TENG device.36 

 

Conductive polymer materials offer excellent flexibility and electrical 

conductivity, making them ideal for preparing stretchable induction electrodes 

for wearable T-TENGs. Poly(3,4-ethylenedioxythiophene): polystyrene 

sulfonate (PEDOT: PSS) is widely used as a conductive material due to its 

high extensibility and conductivity.37 Wu et al. utilised PEDOT: PSS as both 

a conductive and adhesive layer in core-sheath fibre-based TENGs. The 

incorporation of PEDOT: PSS significantly enhanced the flexibility and 

durability of the device by improving the interface adhesion strength.38 

 

1.1.3.2 Output performance of T-TENGs 

 

The output performance of T-TENGs is a crucial measure of their ability to 

convert mechanical energy into electrical energy. Although a standard method, 

as previously mentioned, has been developed to measure triboelectric charge 

densities and provide a reliable triboelectric material sequence, accurately 

determining the charge density of versatile textile-based triboelectric layers 

remains challenging. As a result, most researchers focus on reporting the 

electrical outputs of T-TENGs, including open-circuit voltage (Voc), short-

circuit current (Isc), and power density. Voc represents the maximum potential 

difference generated by T-TENGs when the external circuit is open (no 

current flow). Isc is the maximum current that flows through the T-TENGs 

when the two electrodes are directly connected by a conductor (with zero 

resistance in the external circuit). Power density refers to the amount of 

electrical power generated per unit area, providing a measure of the energy 

conversion efficiency of T-TENGs. 

 

As the new generation of textiles, T-TENGs also need well durability and 

washability since normal clothes should be able to withstand detergents, 

washing, drying and ironing. The materials and output performance of various 

T-TENGs are summarised in Table 2 for review. Typically, the reported 
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values represent peak instantaneous outputs, while the generated power is 

often converted and stored in energy storage devices for later use. 

 

Furthermore, these outputs are highly influenced by various factors, such as 

the thickness of the triboelectric materials, operation frequency, humidity, and 

temperature. However, these details are not often provided in the literature. 

 

For example, a thicker triboelectric layer can store more charges by providing 

greater volume for charge separation.39 This is especially advantageous for 

materials with high dielectric constants, as they can accommodate more 

triboelectric charges and minimise charge leakage with increased thickness. 

Additionally, an adequate thickness enhances the mechanical durability and 

stability of the friction material during repeated contact and separation cycles.  

 

Secondly, a higher operation frequency enhances the power output of T-

TENGs. As the working frequency increases, the contact and separation 

motions occur more frequently, leading to a higher rate of triboelectric charge 

generation and transfer in a given time.40,41 This leads to increased output 

voltage and current, boosting the power density. This characteristic is 

particularly beneficial for applications requiring higher power levels. 

 

Thirdly, the output performance of T-TENGs is susceptible to humidity and 

degrades significantly under high-moisture conditions.42,43 Water molecules 

adsorb onto the surface of triboelectric materials, creating a conductive 

pathway that facilitates charge dissipation. Additionally, the adsorbed water 

layers act as barriers between contact surfaces, weakening direct interactions 

and reducing charge generation efficiency. 

 

Lastly, the output power of T-TENGs can be influenced by operating 

temperature.44 At high temperatures, increased molecular thermal motion 

causes triboelectric charges to leak or dissipate more easily, lowering the 

output voltage and current. Furthermore, high temperatures may lead to the 

oxidation or degradation of metal electrodes, reducing their charge collection 

efficiency. Polymer materials may also decompose or deteriorate under 

thermal stress, compromising their stability and performance. 



Chapter 1 

 

 

 

17 

Table 2 Summary of output performance of T-TENGs 

Mode 
Triboelectric 

materials 

Induction 

electrodes 
Voc (V) Isc (μA) 

Power 

density 

(mW/m2) 

Durability 

test (cycles) 

Washability 

impact 
Ref. 

SE 

Ecoflex-

soaked 

cotton and 

Carbon fibre 

Carbon fibre 140 1.7 579.5 100,000 No impact 4545 

CS 

Kapton tape 

and 

Insulator-

paste 

Graphene + 

(PVA + 

MoS2 gel) 

and 

graphene 

1,068 20.2 14,640 1,000 Not recorded 4646 

CS 

Si3N4-

doped 

PVDF yarn 

and PU yarn 

Cu 71 0.7 
Not 

recorded 
150,000 No impact 4747 

LS, CS 

Nylon and 

Fluorinated 

silk 

Ni-Cu 

conductive 

fabric 

465.63 26.04 2,080 45,000 No impact 4848 

SE, CS 

Chitosan-

glycerol film 

and PTFE 

Chitosan-

glycerol film 

and Al sheet 

130 ~14 ~2500 10,000 Not recorded 4949 
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Table 2 (continued) 

Mode 
Triboelectric 

materials 

Induction 

electrodes 
Voc (V) Isc (μA) 

Power 

density 

(mW/m2) 

Durability 

test (cycles) 

Washability 

impact 
Ref. 

SE 

Black 

phosphorous 

nanoparticles 

+ HCOE 

nanoparticles 

Ag-coated 

PET fabric 
880 1.1 Not recorded Not recorded No impact 5050 

Stretching 
Ag fabric and 

PTFE fibre 
Ag fabric ~23.5 1.05 NR ~1,700 Not recorded 5151 

SE 

PVDF 

nanofibers + 

PTFE 

nanoparticles 

Cu-Ni 

conductive 

fabric 

112 1.98 80 10,000 No impact 5252 

CS, 

Stretching 

PA66 yarns 

and PTFE 

yarns 

Ag yarns ~60 0.06 Not recorded 6,000 No impact 5353 

SE, 

Stretching 

Silicone 

rubber 

GO-coated 

cotton yarns 
30.8 1.1 Not recorded Not recorded Not recorded 5454 

LS 
PA yarns and 

PTFE film 

Ag-coated 

PA yarns 
4,500 40 Not recorded Not recorded Not recorded 5555 

FS 

PA66 yarns-

knitted fabric 

and PE yarns-

knitted fabric 

Ag yarns-

knitted fabric 
232 6.8 66.13 6,000 No impact 5656 
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1.2 Synthesis and application of two-dimensional materials for T-

TENGs 

 

2D materials are those materials with an ultrathin crystalline structure, 

typically one atom thick.57,58 The most well-known member is graphene, 

which is a single layer of carbon atoms arranged in a honeycomb lattice. 

Graphene is known for its excellent electrical conductivity, high carrier 

density, and quantum effects.59,60 Other notable 2D materials include GO, 

TMDs (e.g. MoS2, WS2), MXenes, and h-BN. Some of these materials exhibit 

tunable bandgaps, anisotropic conductivity, and excellent dielectric 

properties.61–63 

 

Furthermore, they possess extremely high surface area, exceptional 

mechanical strength, and the ability to easily regulate their properties through 

surface modification and functionalisation.64,65 Leveraging these benefits, 2D 

nanomaterials have been extensively utilised in T-TENGs for various 

components.66,67 

 

1.2.1 Synthesis of 2D materials 

 

Since the exfoliation of graphene using adhesive tape in 2004, a variety of 

methods have been developed to produce pristine 2D materials with precise 

control over their size, composition, and properties.68,69 The synthesis of 2D 

materials is generally classified into two categories: top-down and bottom-up 

approaches. 

 

Top-down methods involve breaking down bulk solid materials into 2D 

structures through controlled processes and careful material selection. In 

contrast, bottom-up techniques synthesise 2D materials by assembling atomic 

or molecular precursors, which either grow into a specific material type or 

self-organise into intricate structures. Figure 7 illustrates the schematic 

representation of the synthesis methods for 2D materials.70 
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Top-Down Routes: Exfoliation of bulk and multilayered materials is a proven 

method for obtaining few- and mono- layer 2D materials. In typical exfoliation 

procedures, bulk materials are either subjected to a shear force (mechanical 

exfoliation) or dispersed in an appropriate solution (liquid-phase exfoliation, 

LPE). The separation of layers relies on two key forces - lateral force and 

normal force.71 

 

During the peeling process, normal force is used to overcome the Van der 

Waals interactions between stacked layers, while lateral force acts parallel to 

the layers, facilitating their separation. These forces play a crucial role in 

producing high-quality 2D materials with good structural integrity. 

 

Refs 72-75 demonstrated the use of sticky tape for mechanically exfoliating 

graphene by applying normal force, a technique later adapted for isolating 

MAXene (unit-cell-thick MX flakes wherein the metal layers remain), h-BN, 

and 2D TMDs.72–75Although this approach is simple and cost-efficient for 

obtaining pristine 2D materials, its scalability is limited due to inconsistent 

sample thickness and low yields of monolayers. 

 

Figure 7  Synthesis of 2D materials 70 
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Ultrasonication, whether via a sonication tip or bath, is an effective method 

for LPE due to its ability to generate strong lateral forces.76–78 During 

ultrasonication-assisted LPE, expansive and compressive ultrasonic waves 

propagate through the bulk materials, generating cavitation bubbles within the 

solvent. Cavitation occurs when micron-sized bubbles grow and then rapidly 

collapse as their internal pressure decreases during expansion.79 This process 

disrupts the weak Van der Waals bonds between the layers through shear 

forces, compressive stress, and tensile stress, promoting fragmentation and 

exfoliation.80,81 The resulting dispersion, containing finely dispersed 

nanosheets, is then separated from unexfoliated materials using centrifugal 

techniques. 

 

The choice of solvent plays a crucial role in promoting the dispersion and 

stabilization of nanosheets. Ideally, the solvent should be able to efficiently 

exfoliate the materials at the highest possible concentration and stabilize the 

exfoliated 2D materials over an extended period.82,83 This selection is typically 

based on the thermodynamic properties of the solvents during the exfoliation 

process. The Gibbs free energy of mixing (ΔGmix) should be minimised to 0 or 

become negative when the solvent is mixed with the bulk materials.84 The free 

energy of mixing is calculated as follows: 

 mix mix mix
G H T S =  −    (1) 

Where ΔHmix and ΔSmix represent the enthalpy and entropy of mixing, 

respectively, and T is the absolute temperature of the surroundings. When 

dealing with 2D flakes ranging in size from tens of nanometers to microns, 

the ΔSmix is insufficient to overcome the ΔHmix, resulting in a positive ΔGmix 

that prevents spontaneous mixing. Therefore, minimising ΔHmix is crucial. It 

is evident that aligning the surface tension of the solute (2D flakes) and solvent 

reduces ΔHmix.85,86 This alignment can be quantified using the widely 

recognized Hildebrand solubility parameter, δT. The ΔHmix can be described 

by the following equation: 

( ) ( ) ( )
2 2 2

, , , , , ,
( )

mix D solv D solu P solv P solu H solv H solu
H           − + − + −

  
1-

 (2) 

Where ⌀ represents the volume fraction of the solute, δD,solv, δP,solv, and δH,solv 

refer to the dispersion (δD), polar (δP), and H-bonding (δH) solubility 
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parameters of the solvent, respectively, while δD,solu, δP,solu, and δH,solu are the 

corresponding parameters for the solute. The dispersion is most favourable 

when the solubility parameters of both the solvent and solute are closely 

aligned in all three components. Through the exfoliation of graphene in 

different solvents, it became clear that solvents with well-matched solubility 

parameters led to better exfoliation and stabilization.87 This approach was also 

expanded to include other 2D materials, such as h-BN, MoS2, and WS2.82 

 

In addition to sonication-assisted LPE, other cost-effective alternatives, such 

as rotor-stator mixers or blade-equipped blenders, have also proven effective 

for achieving LPE of 2D materials.88,89 

 

Electrochemical exfoliation offers an effective way to control flake thickness. 

As shown in Figure 8, this technique introduces ions, including anions (e.g., 

SO
2- 

4 , NO
- 

3, PF
-

6), cations (e.g. Li+, K+, Na+), and radicals (e.g., OH and O), into 

the interlayer spaces of bulk materials.90 Subsequent processes, such as 

sonication or thermal shock, are used to separate the layers.83 By carefully 

controlling the intercalation chemistry and processing conditions, this method 

achieves high monolayer yields while maintaining the material's structural 

integrity and chemical composition.88 Lin reported that the highly uniform and 

phase-pure semiconducting 2H-MoS2 inks were prepared via the 

electrochemical intercalation of THA+ (tetraheptylammonium cation) with a 

large size.91 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Schematic illustration of a typical electrochemical cell and representative ion 

intercalations at the anode and the cathode leading towards the exfoliation of 2D nanosheets.91 
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Bottom-Up Routes: Chemical vapour deposition (CVD) enables the 

synthesis of high-quality, wafer-scale 2D materials with precise size control. 

The process involves chemical reactions between vapour-phase precursors, 

and its accomplishment depends on key factors such as precursor selection, 

reaction chamber conditions (temperature and pressure), and substrate 

temperature.92 These parameters must be carefully managed to produce 2D 

materials with the desired properties, including morphology, thickness, 

orientation, and minimal defects. However, the polycrystalline structure of 

metallic substrates results in weak bonding through Van der Waals 

interactions. Moreover, the transfer process can introduce issues such as 

defects, grain boundaries, and wrinkles, which may compromise material 

quality. 

 

Compared to CVD, physical vapour deposition (PVD) operates at lower 

growth temperatures, reaching as low as 150 °C. PVD is a versatile method 

for growing various 2D materials, including few-layer graphene, TMDs, and 

h-BN. Common techniques under the PVD umbrella include evaporation 

deposition, sputter deposition, and pulsed-laser deposition (PLD), all of which 

are frequently employed for fabricating 2D materials. 

 

Evaporation deposition of 2D materials is performed in a quartz tube, with the 

substrate placed downstream of the source. A mixture of argon (Ar)/hydrogen 

(H₂) serves as the carrier gas. Atoms and molecules are vaporised and 

deposited onto the substrate at controlled temperatures.93 Sputter deposition 

uses high-energy ions or low-pressure plasma to bombard the source material, 

releasing atoms in a vacuum. The ejection rate is controlled by adjusting 

chamber pressure and applied electrical potentials. Pulsed-laser deposition 

(PLD) employs a high-energy laser, such as an ultraviolet laser, to vaporise 

material for vapour-solid deposition. The laser-ablated atoms, with high 

kinetic energy, migrate and diffuse on the substrate surface, allowing PLD to 

operate at lower substrate temperatures than sputter deposition.94 

 

Although bottom-up approaches produce 2D materials with low defect density 

and high chemical purity, their high production costs and low yields hinder 

scalability. In contrast, liquid-phase exfoliation (LPE), with its high 
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throughput, emerges as the most practical method for fabricating 2D materials 

used in daily wearable electronics, including T-TENGs.95 

 

1.2.2 Printed-2D materials as electrodes for T-TENGs 

 

The induction electrode is an important component in T-TENGs, directly 

affecting their output performance. These electrodes are responsible for 

collecting and transferring electrons during operation while maintaining 

conductivity under deformation such as bending, folding, twisting, or 

stretching. Compared to rigid and moisture-sensitive metal materials, 

conductive 2D materials like graphene, rGO, WTe2, 1T-MoS2, 1T-WSe2, and 

MXenes are well-suited for this purpose, meeting the demands of flexibility 

and durability required for T-TENG electrodes. 

 

Solution-processed 2D materials, especially those obtained through LPE, are 

highly suitable for wearable applications, including T-TENGs. This 

advancement has introduced the concept of 2D "inks," liquid media designed 

for deposition onto a variety of 2D and 3D substrates, such as flexible films 

and textiles, using diverse printing methods.64,68,96–99 Various techniques for 

printing 2D-materials are shown in Figure 9.100 

 

Conductive 2D Inks and Printing Technologies: Conductive 2D inks, 

especially graphene-based inks, are ideal for fabricating induction electrodes 

for T-TENGs through a variety of printing methods. Their unique combination 

of properties, such as large-scale production capability, excellent conductivity, 

high specific surface area, and chemical stability, makes them highly effective. 

For successful electrode fabrication, both the characteristics of the ink and the 

chosen printing techniques must be carefully optimised.64,97,99,101–105 

 

Spray coating, an established industrial technique, involves spraying a 

solution onto a substrate to achieve high-throughput, controllable ink 

deposition and uniform film coverage. Inks used for this method should have 

a relatively low concentration (0.01-8.00 mg/mL), low viscosity (1-100 

mPa·s), and an elastic modulus that ensures liquid-like flowability while 
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maintaining system integrity after deposition.64,106 A key advantage of spray 

coating lies in the uniform distribution of the deposited 2D materials, which 

is attributed to the superior wettability of the 2D inks, ensuring consistent and 

efficient coverage. To evaluate the spontaneity of the sprayed liquid droplets 

spreading on a solid surface, the spreading coefficient, S, is introduced as a 

predictive indicator.64,107 According to Young’s equation, it is defined as 

follows:108,109 

 
cos

SV SL LV
   = +

  (3) 

 
( )

SV SL LV
S   = − +

  (4) 

Where γSV, γSL, and γLV represent the solid-vapour surface free energy, solid-

liquid interfacial free energy, and liquid-vapour surface free energy, 

respectively, and θ is the contact angle of the liquid. When S ≥  0, the 

spreading process is spontaneous, forming a uniform thin film. In contrast, for 

S < 0, the liquid forms a droplet with a contact angle. By adjusting the surface 

energy components and applying external assistance, the wettability of the 

sprayed inks for a given system can be improved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

One of the most common spray-coating types is airbrush spray, which features 

flexibility and cost-effectivity. The 2D inks can be ejected outside the nozzle 

Figure 9 Schematic of two-dimensional materials printing techniques.100 
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and form the microbeads with high speed (0.3 - 20 m/min), and then collected 

by the substrates, such as film and textile. The thickness of spray-coated film 

is proportional to the action time by controlling the pressure force and nozzle-

substrate distance, so that the ink commonly sprayed multiple cycles onto the 

substrate. Spray coating holds great promise for ever-expanding large-are 

deposition of active electrode materials. 110 

 

Inkjet printing is a precise writing method that digitally controls ink ejection 

to create patterns with minimal material waste.65,102 The suitability of inks for 

this technique is often assessed using a dimensionless parameter called the 

inverse Ohnesorge (Oh) number (Z):111 

 

1
Z

Oh




= =

  （5） 

Where γ, ρ and η are the viscosity, density and surface tension of the ink, 

respectively, and σ denotes the nozzle diameter. Principally, Z values within 

the range of 1–14 ensure stable ink jetting; however, successful printing has 

also been achieved with inks having Z-values outside this range.112 

 

 

 

 

 

 

 

 

 

 

Screen printing is another versatile mass-printing technique that enables 

pattern customisation. During the process, ink is forced through a prepatterned 

stencil and deposited onto the substrate.113 As a result, screen printing inks 

must have relatively high viscosity and shear-thinning properties. These 

characteristics ensure that the ink flows to penetrate the stencil and spread 

during application while maintaining the integrity of the pattern after printing. 

In screen printing, the volume of the ink deposited per unit area is proportional 

Figure 10 Schematic illustration for screen printing principles.114 
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to the thickness of the deposited ink.114 According to a model derived in 1990 

by Owczarek and Howland,115 the thickness of the ink under the squeegee, Tink, 

can be expressed by the following equation with reference to Figure 10: 

 

2
2 1 (DM)

2
ink sq oa

T T T D DM
 

=  + = − + 
    (6) 

Where ΔTsq represents the change in the height of the squeegee as it is drawn 

across the screen, Toa is the equivalent open area, and M is the mesh count per 

inch, calculated as M = 1/m, where m is the distance between the centre lines 

of two parallel wires on the mesh. Note that Tink refers to the wet ink thickness. 

The dry ink thickness typically depends on the solid content in the ink 

formulation. Due to their simplicity, screens can be produced at a low cost, 

making screen printing an attractive process for short-run applications. 

 

Spin coating is a technique used to create uniform, thin films by applying a 

solution onto a spinning substrate, producing high-quality, ultrathin films. 

While most prepared inks can be directly used for spin coating, the final film's 

morphology is significantly influenced by variables such as angular velocity, 

spin time, and the ink’s concentration and viscosity.116 The final film thickness, 

h, can be described by the following general equation:117–119 

 

0

2 2

0
4

1
3

h
h

W h t



=

+

  (7) 

Where h0, ρ, t, and μ represent the initial thickness of the coating material, the 

density of the liquid, spin time, and dynamic viscosity of the liquid, 

respectively. Note that the final thickness of the film is more influenced by the 

angular velocity and time than by the other factors. Given that W = (π /30) × 

ω, where ω is the number of revolutions per minute (RPM), the final thickness 

h of the film can be treated as a two-variable function of t and ω. 

 

Gravure printing is a roll-to-roll technique designed for fast and large-area ink 

deposition. In this process, patterns are pre-engraved onto a roller, forming 

cells that transfer the ink and patterns onto the substrate. Inks used for gravure 
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printing require low-boiling-point solvents and medium viscosities to ensure 

optimal performance.120 

Printed 2D Materials as T-TENG Electrodes: Wearable T-TENGs require 

durable induction electrodes that stay conductive under repeated stress. 

Conductive 2D materials, with efficient charge transfer and accumulation, are 

ideal for promoting energy harvesting via printing. 

 

Graphene and its derivatives are widely used for wearable T-TENG 

applications.4,121 As shown in Figure 11, A polyamide textile-embedded 

TENG was developed using graphene electrodes applied via drop casting, 

spray coating and immersion coating.122 The sprayed graphene electrode 

achieved a sheet resistance of 90 kΩ/□, delivering a Voc of 65 V, Isc of 0.4 

µA, and a maximum power density of 3.08 μW/cm2. The device, integrated 

into clothing, detected biomechanical motion via electrical signals, 

showcasing its potential as an energy harvester and sensor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In another study, a polyester fabric-based TENG with ultrasonic spray-coated 

graphene electrodes and a PDMS tribonegative layer demonstrated excellent 

durability under harsh conditions and mechanical stress.43 Using nylon as the 

tribopositive layer, it achieved a power density of 330 mW/m² with a load 

Figure 11 Schematics of (a) polyamide textile-embedded TENG with detailed tribonegative part 

and (b) overall TENG and working mode with PDMS vs. polyester/polyamide as triboelectric 

pair.122 



Chapter 1 

 

 

 

29 

resistance of 60 MΩ, highlighting its suitability for powering portable 

electronics. 

 

2D TMDs have shown great promise as electrode materials for T-TENGs.2 

For instance, in one developed T-TENG, MoS₂ was drop-cast onto a screen-

printed graphene layer to enhance the induction electrode of a cotton textile-

based device.46 This setup achieved a record-high Voc of 1,068 V and a power 

density of 14.64 W/m² under a force of 22 N. Additionally, the TENG 

functioned as a wearable energy harvester, capturing mechanical energy from 

human movements and storing it in a textile supercapacitor. 

 

1.2.3 Improvement of output performance of 2D materials-based T-

TENG 

 

By harvesting energy from biomechanical motion, T-TENGs offer 

autonomous power for portable electronics and sensors. However, limitations 

in material selection and specialised textile structures present challenges to 

their practical application. To address these issues, various strategies have 

been proposed to enhance the output performance of T-TENGs.12,123 

 

Material Selection: Selecting appropriate induction electrodes and 

triboelectric materials is crucial for improving the electrical output of T-

TENGs. 2D materials are an excellent choice, offering enhancements to 

output performance in both roles. 

 

On one hand, conductive 2D materials, when used as electrodes in T-TENGs, 

boost output performance by increasing the generation and rate of induction 

charges while minimising internal resistance. On the other hand, their high 

specific surface area provides effective charge-trapping sites in triboelectric 

layers, enhancing charge retention and overall performance.124 

 

For 2D materials, the confinement of electrons within two dimensions and the 

absence of interlayer interactions results in exceptional electronic properties. 

Their atomic thickness and large lateral size also create highly specific 
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surfaces.125 Incorporating 2D materials into triboelectric layers increases the 

effective contact area, leading to higher charge density and improved output 

performance. Moreover, their strong in-plane covalent bonds and atomic-scale 

thickness provide excellent flexibility and mechanical strength, making them 

ideal for wearable T-TENGs that operate under extensive and 

multidimensional deformation. 

 

Chemical Modification: While 2D materials offer significant advantages for 

T-TENGs and wearable electronics, certain properties still require 

improvement to enable broader applications. 

 

For example, graphene's conductivity as a T-TENG electrode is often limited 

by surface defects and weak substrate adhesion. By modifying graphene with 

the conductive polymer PEDOT:PSS (PH100), these issues were effectively 

addressed.126 The PH100 films formed a continuous layer over the graphene, 

resolving conductivity challenges caused by grain boundaries, wrinkles, and 

cracks. This modification reduced the sheet resistance to 85 Ω/□ and enhanced 

the TENG output power by 118%, reaching 12 µW. 

 

Another effective approach is doping 2D materials to modify their work 

function, enhancing their conductivity and electron affinity or donation ability, 

thereby boosting output performance. A study investigated the triboelectric 

charging behaviours of various 2D materials, including MoS2, MoSe2, WS2, 

WSe2, graphene, and GO.127 As shown in Figures 12 a and c, undoped MoS2 

exhibited the strongest tendency to gain electrons among the tested 

conventional triboelectric materials, with the arrows indicating the ability to 

acquire positive (red) and negative (purple) charges upon contact, respectively. 

Further, doping MoS2 with benzyl viologen (BV) significantly reduced the 

effective work function, while doping with gold chloride (AuCl3) increased it 

(Figure 12b). The experimental results show that BV-doped MoS2 shifted its 

position in the triboelectric series compared to undoped MoS2, placing it 

between PDMS and polycarbonate, while AuCl3-doped MoS2 remained in a 

more positive position than PTFE (Figure 12c). 
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Structural Design: T-TENGs, as advanced textile-based electronics, can be 

divided into “Core-Spun/Coated,” “Woven/Knitted,” and “Layered” types 

based on traditional textile fabrication methods. Each type offers unique 

strategies to optimise output performance. 

 

Layered T-TENGs are created by stacking materials, with each layer assigned 

on top of one another. These designs are closely aligned with conventional 

TENGs and typically function using vertical contact-separation or single-

electrode modes. They are particularly effective when compression force is 

the primary mechanical input. The simplicity of the multilayer fabrication 

process allows friction materials and electrodes to be incorporated with ease.1 

This approach enables the direct use of 2D materials via suitable printing 

methods, making it ideal for integrating commercial textiles like cotton, 

polyester, and nylon, which are already prevalent in the textile industry. 

 

Woven/Knitted T-TENGs are essentially yarn-to-fabric processes, where the 

electrode is usually wrapped or coated onto the triboelectric layer before 

Figure 12 (a) Triboelectric charging behaviours of MoS2 compared to the conventional 

materials. (b)Quasi-Fermi level positions of the undoped 2D materials and chemically doped 

MoS2. (c)Modified triboelectric series including 2D materials.127 
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weaving or knitting as shown in Figures 13a-c.128 Despite this integration, the 

layers retain their independent functionality. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Core-Spun/Coated T-TENGs involve integrating multiple functional layers 

into a single yarn or fibre as shown in Figures 13d-f.129 Typically, a conductive 

layer is first spun or coated with a thin adhesion layer, which is then further 

coated or spun with a triboelectric layer, creating a unified fibre or yarn. 

Figure 13 Knitted and electrospun T-TENGs based on graphene: (a) Schematic diagram of the 

preparation process for conductive graphene yarns. (b) SEM image of the prepared graphene 

yarn. (c) Image of the graphene-polyester knitted T-TENG. (d) Schematic diagram of the 

electrospinning process for PVDF/Graphene-Carbon fibre yarn. (e) Picture and (f) SEM image 

of the PVDF/Graphene-Carbon fibre yarn.128,129 
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Compared to layered T-TENGs, woven/knitted and core-spun/coated T-

TENGs can create more potential contact points between two triboelectric 

layers, increasing energy-harvesting efficiency under external force. However, 

their complexity and high production costs present challenges for large-scale 

industrial applications. In contrast, layered T-TENGs are the easiest to 

fabricate and deliver the highest overall output, making them the most 

practical and efficient option. 

 

1.3 Aims and Objectives 

 

As an emerging energy harvesting technology, T-TENGs have garnered 

significant attention due to their flexibility, cost-effective, and lightweight 

nature. Among widely used 2D materials, graphene has demonstrated 

immense potential as a key component for wearable T-TENGs. 

 

The primary aim of this work is to develop a high-performance, wearable, and 

stable T-TENG using graphene as both the electrode and triboelectric material. 

As discussed earlier, this includes advancing energy harvesting efficiency and 

biokinetic sensing capabilities to drive progress in wearable textile-based 

electronics. 

 

The second aim is to synthesise high-quality and stable graphene inks for 

seamless integration with textile substrates through spray-coating techniques. 

This step is essential for achieving the overall goal of fabricating the final T-

TENG device. 

 

To accomplish these aims, three specific objectives have been defined for this 

work. 

 

1.3.1 Optimisation of synthesising graphene ink in large scale 

 

To scale up the synthesis of graphene inks, well-suited graphite will be 

selected from two types of bulk graphite materials for liquid-phase exfoliation. 
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The optimal concentration of polymer stabiliser will be determined. Various 

techniques will then be used to demonstrate the effectiveness of the resulting 

graphene ink in fabricating wearable graphene-based electrodes through spray 

coating. 

1.3.2 Performance improvement of wearable graphene electrode 

 

Two strategies will be combined to enhance electrode performance. First, key 

parameters of the spray-coating process, such as air pressure, spray distance, 

and total spray time, will be optimised for depositing graphene inks onto a 

cotton textile substrate. Second, an effective PVA adhesive layer will be 

introduced to improve electrical conductivity by enhancing the uniformity of 

the graphene sheet network. The stability of the electrode at various bending 

angles and its durability over long-term bending cycles will be evaluated to 

demonstrate its strong potential for wearable T-TENG applications. 

 

1.3.3 Investigation and application of graphene-based T-TENGs 

 

The graphene-based T-TENGs will be assembled to function as 

biomechanical energy harvesters and sensors. A customised platform will be 

built and calibrated to measure key performance metrics, such as open-circuit 

voltage, short-circuit current, and power density. The working mechanism and 

influencing factors will be investigated to optimise output performance. 

Additionally, the T-TENG will be developed to demonstrate its potential as a 

self-powered energy source and biomechanical sensor. Finally, he stability 

and durability of the device will be demonstrated as proof of reliability. 
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Chapter 2 

2. Synthesis of graphene ink via liquid-phase 

exfoliation 
 

2.1 Chemicals and materials 

 

Table 3 Chemical and materials 

Name Specifications Pro. No. Manufacturer 

Graphite Size: +100 mesh 332461 
Sigma-

Aldrich 

Graphite Size: +40 mesh K1 Ceylon 

Polyvinylpyrrolidone 

(PVP) 

Water content ≤

5%, AMW= 40,000 
9003-39-8 

Thermo 

scientific 

Isopropyl alcohol 

(IPA) 
≥99.8% 67-63-0 Honeywell 

2.2 Instruments 

 

Table 4 Related instruments 

Name Model Brand 

Bath ultrasonicator FB15066 Fisher Scientific 

Centrifuge Allegra 64R Beckman 

UV-Vis-NIR 

Spectrophotometer 
Lambda 1050+ PerkinElmer 

Raman Spectrometer 1024X256-OE Horiba Scientific 

Field Emission Gun – 

Scanning Electron 

Microscope 

SUPRATM 25 
Carl Zeiss 

Microscopy GmbH 

Contact Angle Goniometer L2004A1 Ossila 

Thermal Gravimetric 

Analyser 
TGA 7 Perkin Elmer 
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2.3 Synthesis procedure 

 

To synthesise high-quality graphene ink for use as electrode material, two 

types of graphite were processed via LPE, optimising PVP concentrations. 

The procedure is shown in Figure 14. A 50 mg/mL of graphite was mixed with 

a specific concentration of PVP in 25 mL of IPA. The mixture was subjected 

to continuous sonication in a bath ultrasonicator for 9 hours at 12 °C. 

Following sonication, the dispersion was centrifuged at 13,000g (F0630 

Fixed-Angle Rotor) for 1 hour to separate few- and mono- layer graphene 

from unexfoliated graphite materials. Finally, the top 85% of the supernatant 

was collected as graphene ink for subsequent use. 

 

 

 

 

 

 

 

 

2.4 Characterisation techniques 

 

Optical Spectroscopy: The concentration of graphene ink was determined 

using UV-Vis-NIR spectroscopy with a quartz cuvette. Prior to 

characterisation, the ink was appropriately diluted to minimise scattering 

during absorption measurements. The concentration was calculated using the 

Beer-Lambert Law: 

 c=A l   (8) 

Where A is the absorbance, l is the optical path length (0.01 m), and ε is the 

absorption coefficient (2460 L g−1 m−1 at 660 nm). 

 

Raman Spectroscopy: Graphene ink samples for Raman analysis were 

prepared by drop-casting onto Si/SiO2 substrates with a 300 nm thermal oxide 

layer. Raman spectra were acquired using a 633 nm excitation wavelength, 

Figure 14 Synthesis of graphene inks from bulk graphite with the assistance of PVP. 
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with laser power < 0.5 mW at each measurement point to prevent thermal 

damage. 

 

Scanning Electron Microscopy (SEM): The lateral size distribution of 

graphene flakes was analysed using SEM. The graphene ink was diluted to 

0.05 vol% with pure IPA followed by drop-cast onto a Si/SiO2 substrate. The 

substrate was then thermally annealed at 500 °C for 30 min. Images were 

captured by detecting secondary electrons using the InLens and SE2 detectors. 

 

Surface Tension Measurement: The surface tension (γ) of the graphene ink 

was determined using the pendant drop method. A stainless-steel needle with 

a 90° blunt end was used to create the droplet, and the measurements were 

analysed using Ossila Contact Angle v4.0.3.1 software. 

 

Thermogravimetric Measurements: The thermal degradation behaviour of 

PVP powder was analysed using a thermogravimetric analyser under a dry N₂ 

atmosphere with a flow rate of 100 mL/min. Around 3 mg sample (pre-dried 

at 50 °C) was placed in a platinum crucible, and the temperature was increased 

from room temperature to 800 °C at a heating rate of 10 °C/min. 

 

2.5 Results and Discussion 

 

2.5.1 Setup upgrade for LPE 

 

Graphene inks were prepared via LPE of a graphite/IPA mixture with PVP, as 

outlined in the Synthesis procedure. IPA was selected as the solvent due to its 

low boiling point (82.3 °C), which enhances drying efficiency for subsequent 

spray coating, and its lower toxicity compared to alternatives like N-methyl-

2-pyrrolidone (NMP).65,130 Graphene sheets, which would typically precipitate 

and aggregate in IPA alone, were stabilised by the addition of PVP.64 

 

To achieve the first objective of scaling up the synthesis of graphene inks, 

ultrasonication is a critical step to separate the graphene flakes (Steps 1 to 2 

in Figure 14). The ultrasonic waves generate strong shear forces that overcome 

weak Van der Waals interactions between graphene layers, exfoliating the 
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bulk graphite.131 As illustrated in Figures 15 a and c, two different sample 

setups were employed during the exfoliation process, each using the same 

formulation: 50 mg/mL of Sigma graphite, 1.2 mg/mL of PVP, and 25 mL of 

IPA solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Four graphite mixtures with the same composition were placed at different 

positions and subjected to ultrasonication (Figure 15a). The concentrations of 

obtained graphene inks were determined using optical absorption spectra. The 

results showed relatively low values (0.01–0.03 mg/mL), which varied 

depending on the position of the samples (Figure 15b). The inset photograph 

of the undiluted inks shows their semi-transparent appearance, consistent with 

low concentrations. 

 

An upgraded configuration, featuring rotating sample holders (v = 3 rpm), was 

later employed to improve ink uniformity and scalability. This setup 

Figure 15 Configurations for Graphite Exfoliation: (a) Fixed and (c) Rotating sample holders. 

(b) and (d) show the corresponding UV-Vis spectra, with inset photographs displaying the 

collected graphene inks. 
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successfully produced graphene inks with concentrations up to 0.25±1.5 

mg/mL. The increase in ink yield and concentration uniformity.is attributed to 

the improved shear force distribution. During exfoliation in the bath 

ultrasonicator, the cooling chiller maintained a low water bath temperature 

(~12 °C) but unintentionally blocked the propagation of ultrasonic waves, 

leading to nonuniform exfoliation. Consequently, the upgraded configuration 

was adopted for scaled-up synthesis. 

 

2.5.2 Optimisation of synthesis recipe with different graphite 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16 Optimisation of graphene inks synthesised from Sigma graphite and Ceylon graphite. 

(a) Changes in graphene ink concentration with varying PVP concentrations. (b) Stability of 

the two optimised graphene inks over 180 days. (c) Supernatant graphene dispersion collected 

after centrifugation: (i) Sigma graphene prepared with 0.2 mg/mL PVP, (ii) Sigma graphene 

prepared with 1.2 mg/mL PVP, (iii) Ceylon graphene prepared with 0.4 mg/mL PVP.(d) Raman 

spectra of the obtained Sigma graphene and Ceylon graphene. 

PVP acts as a stabiliser, as mentioned previously. The PVP chains adhere to 

multiple sites on the surface of graphene flakes, creating a stable repulsive 

force that extends the lifetime of the graphene inks. However, as an insulating 

polymer, excess PVP can significantly hinder electron flow between graphene 
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flakes when the sprayed graphene is used as an electrode. Additionally, to 

facilitate the next objective of fabricating spray-coated graphene electrodes, a 

more concentrated ink is required to enhance deposition throughput. 

Therefore, it is essential to optimise the concentration ratio of graphene to 

PVP in the ink. 

 

Based on initial investigations, two bulk materials, Sigma graphite and Ceylon 

graphite, were selected at a concentration of 50 mg/mL to synthesis graphene 

inks (see Table 3). As shown in Figure 16a, the graphene ink synthesised from 

Ceylon graphite achieved a concentration of 0.50 mg/mL with 0.4 mg/mL of 

PVP, yielding a maximum cInk/cPVP ratio of 1.25. In contrast, the ink prepared 

from Sigma graphite reached a relatively lower concentration of 0.27 mg/mL 

with a higher PVP concentration of 1.2 mg/mL, resulting in cInk/cPVP ratio of 

0.23. Moreover, Figure 16b shows that the optimised Ceylon graphene ink 

maintained a concentration of 0.50 mg/mL after 180 days of storage at room 

temperature. It demonstrates superior long-term stability compared to the 

Sigma graphene ink, which decreased from 0.27 mg/mL to 0.17 mg/mL over 

the same period. 

 

The quality of the Ceylon graphene flakes and Sigma graphene flakes was 

analysed using Raman spectroscopy (Figure 16d). Both graphene samples 

exhibited the typical peaks: the G peak at ~1581 cm-1, the 2D peak at ~2686 

cm-1, and the D peaks at ~1345 cm-1 (Ceylon graphene) and ~1356 cm-1 

(Sigma graphene). The blue shift and the asymmetric D peak in the Raman 

spectrum of Sigma graphene indicate an increased defect concentration, which 

leads to enhanced lattice distortion. This, in turn, can reduce electron mobility 

compared to Ceylon graphene when used as electrode materials.132 

 

Figure 16d shows that the I2D/IG ratios for Ceylon graphene and Sigma 

graphene were 0.88 and 0.75 respectively, indicating that Ceylon graphene is 

of higher yield, consisting more few- and mono-layer sheets.68 Therefore, the 

superior graphene ink is obtained from the LPE of Ceylon graphite with a PVP 

concentration of 0.4 mg/mL. 
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2.5.3 Surface tension of optimised graphene ink 

 

Surface tension (γ) is another important parameter that indicates the stability 

of graphene ink.64 Low surface tension helps stabilise the ink by increasing 

the contact area between the flakes and solvent, making it more suitable for 

stable applications. The widely used pendant drop method is employed to 

measure the surface tension.130,133 During the measurement, the geometrical 

profile of the pendant drop of graphene ink will be saved and compared with 

the theoretical drop profile. The latter is given by the Laplace equation for 

curve interfaces exposed to a gravitational field according to:134,135 

 

( ) gz2 sinair

s R x

  



−
= − −

   (9) 

The parameters in Equation 9 are defined in Figure 17, which shows the shape 

of a droplet in the x–z-plane. In this diagram, φ represents the angle with 

respect to the tangent at point P, and s is the arc length along the droplet’s 

shape, measured from the origin of the x–z coordinate system, which 

corresponds to the apex of the droplet at point O. R denotes the radius of 

curvature relative to the apex, while g = 9.81 m·s-2 is the gravitational constant. 

ρ and ρair refer to the densities of the graphene ink and the surrounding air, 

respectively. The surface tension, γ, is determined by numerically solving the 

differential Equation 9 to match the measured and calculated shapes of the 

droplet. 

 

 

 

 

 

 

 

 

 

 

Figure 17 Schematic representation of the shape of a pendant drop with the parameters 

given in Equation 9.135 
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Figure 18a shows that the measured surface tension of the optimised graphene 

ink is 30.17 mN/m, which is a suitable value to minimize the interfacial 

tension between solvent and graphene for use in spray coating.95 

 

2.5.4 Lateral size distribution of optimised graphene flakes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18 (a) Surface tension of graphene ink. (b)Thermogravimetry analysis (TGA) and 

Derivative thermogravimetry (DTG) curves of PVP powder. (c) SEM images of graphene flakes 

on Si/SiO2 wafer. (d) Statistical distribution of the lateral size of 125 graphene flakes. 

The lateral size distribution of the graphene flakes was analysed using SEM. 

To facilitate SEM measurement, the graphene ink was diluted and drop-cast 

onto a Si/SiO2 wafer, followed by annealing at 500 °C for 30 min to thermally 

degrade the PVP polymer. As shown in Figure 18b, thermogravimetric 

analysis (TGA) and derivative thermogravimetry (DTG) were performed to 

evaluate the thermal degradation of the PVP powder. Degradation was 

complete around 480 °C, with a single weight-loss peak observed at 442 °C, 

confirming that the 500 °C annealing temperature is sufficient to fully degrade 

PVP. 

 

Figures 18c and d show SEM images of the drop-cast graphene on the Si/SiO2 

wafer, along with the lateral size distribution. The average lateral size of the 
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flakes was analysed to be 110 nm, based on the analysis of 125 flakes. The 

distribution follows a lognormal pattern, peaking at 83 nm. 
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Chapter 3 

3. Fabrication of graphene-based textile electrode via 

spray coating 
 

3.1 Chemicals and materials 

 

Table 5 Chemical and materials 

Name Specifications Prod. No. Manufacturer 

Polyvinyl alcohol 

(PVA) 

87-90% hydrolysed 

Mw = 30,000 – 70,000 
9002-89-5 

Sigma-

Aldrich 

polyethylene 

terephthalate film 

(PET) 

Thickness = 0.140 mm IJ-220 Novele 

Polyimide film 

(Kapton) 
Thickness = 0.025 mm 536-3968 DuPont 

Cotton fabric Weight = 130 g m -2 - 

Wuxi Yihong 

Textile Co. 

Ltd. 

 

3.2 Instruments 

 

Table 6 Related new instruments 

Name Model Brand 

Spray Brush ABPST05 Timbertech 

UV/Ozone Cleaner T06053 UVOCS INC. 

Four-Probe Collinear 

Station 
378554 

Jandel Engineering 

Ltd. 

Digital Multimeter 2100 Keithley 

Atomic Force Microscope MFP 3D Asylum 
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3.3 Fabrication procedure 

 
Figure 19 Schematic illustration of the fabrication procedure for a graphene-based textile 

electrode enhanced with a PVA adhesive layer. 

To enhance the distribution of graphene flakes on cotton fabric, a PVA 

adhesive layer was applied using the bar coating technique before spraying 

the graphene ink. Figure 19 illustrates the fabrication process of graphene-

based textiles electrode enhanced with PVA adhesive layer. First, a 120 wt% 

water-based PVP gel was prepared. The PVA was dissolved by continuous 

stirring for 30 minutes at room temperature, followed by a gradual increase in 

temperature to 90 °C until a clear PVA gel was formed. The high-

concentration PVA gel was then bar-coated onto the precleaned cotton fabric 

using a 3D-printed mould and a glass rod. After drying at room temperature 

for 48 hours, the PVA-coated cotton fabric was sprayed with graphene ink, 

using a designed mask to prepare the graphene/PVA textile electrode. 

 

After fabricating the graphene/PVA textile electrode, Intense Pulsed Light 

(IPL) annealing was used to improve its conductivity by efficiently thermally 

degrading the PVP polymer. IPL annealing utilizes localized heat generated 

by the absorption of visible-NIR light radiation (530-1400 nm) in the target 

materials, resulting in a rapid increase in temperature (single pulse duration < 

1.5 ms). The radiation, emitted from a flash lamp with a light pulse density of 

2.5 J cm-2, strikes the surface of the graphene electrode. A small portion of the 

light is reflected, while the majority enters the graphene layer to decompose 

the PVP polymer, where it is either transmitted or absorbed. Compared to 

conventional oven annealing, IPL allows the top graphene layer to reach high 

temperatures (up to 1400 °C in a single pulse) and cool down quickly, 

preventing fragile supporting materials (PVA adhesive layer and cotton 

textiles) damage from overheating.130,136,137 Note that this technique was also 

applied to anneal the graphene-coated Kapton films using the same parameters 

after spraying graphene. 
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3.4 Characterisation techniques 

 

Optical Transmittance (T): The optical transmittance of the graphene-coated 

PET and Kapton films was measured using UV-Vis-NIR spectroscopy. The 

optical transmittance, T, of the film is given by:138 

 0

t
I

T
I

=

  (10) 

Where It is the transmitted light density and I0 is the incident light intensity. A 

raw PET or Kapton film was used as a blank sample to subtract the baseline 

for calibration. 

 

Sheet Resistance (Rs): The conductivity of the electrodes was evaluated at 

room temperature by a four-point collinear probe method using a digital 

multimeter. The four-point probe method is used to measure the Rs as 

follows:139 

 
ln(2)

s

V
R

I


= 

  (11) 

Where V and I represents the measured voltage and the applied current 

respectively. A reference ITO sample with a sheet resistance of 3.0 Ω/□ was 

used to calibrate the instrument prior to each measurement.  

 

Contact Angle: The hydrophilic properties of the PVA film were analysed 

using a Contact angle goniometer, with distilled water as the testing liquid. 

The contact angle image was captured after a water droplet remained on the 

film surface for 5 seconds. The image was then analysed using Ossila Contact 

Angle v4.0.3.1 software. The contact angle, θ, is governed by Young’s 

equation, as outlined in Chapter 1, Equation (3). 

 

Atomic Force Microscopy (AFM): The thickness of the sprayed graphene 

layer on the Si/SiO2 wafer was measured using AFM in tapping mode with a 

silicon probe. Scratches were introduced with an identical sharp tip at different 

positions to measure the step height and determine the thickness. 
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Electrical Resistance: Wires integrated with a group of alligator clips on one 

end were used to connect the digital multimeter to the textile electrode while 

the bending angle of the textile electrodes was held stable. 

 

3.5 Results and Discussion 

 

3.5.1 Optimisations of Spray Coating 

 

The spray coating technique is known for its high throughput and simplicity, 

making it a preferred method for large-scale production. Figure 20a shows the 

schematic of the spray coating setup used in the fabrication of graphene-based 

textile electrodes. Before preparing the textile-based electrode, PET films 

were initially used to optimise two crucial parameters: air pressure and spray 

distance. Thanks to the excellent transparency of the PET films, the 

distribution of sprayed graphene can be easily evaluated on a macroscopic 

scale. As illustrated in Figure 20b, the optimal sample with good uniformity 

was achieved when the air pressure was set at 1.4 bar and the spray distance 

was 10 cm. At high air pressure, the graphene ink is atomized effectively. 

However, the airflow becomes too strong, blowing away the pre-sprayed and 

undried graphene droplets on the PET film. This leads to the formation of 

“coffee rings”. It is also reported that within a limited pressure range, 

increasing the spray pressure results in a higher number of smaller droplets, 

which results in improved uniformity.140 On the other hand, the blowing force 

to the substrate also varies with the spray distance. A short spray distance 

creates a strong blowing force when the sprayed droplets reach the substrate. 

This causes the undried droplets to spread unevenly. Therefore, the resulting 

sample (P = 1.4 bar, D = 10 cm), as shown in Figure 20c, demonstrated good 

uniformity and a consistent coating, outperforming others in terms of surface 

coverage and uniformity. 

 

 

 

 



Chapter 3 

 

 

48 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As explained in Section 3.3, IPL annealing induces localized heating on the 

sample, with peak temperatures reaching ~1400 °C. Despite heat dissipating 

from the lamp source to the sample surface and part of the incident light being 

reflected, the transmitted light through the semi-transparent graphene layer 

(short spray time) still elevates the temperature sufficiently to potentially 

damage the underlying PET film. This is primarily due to the low thermal 

Figure 20 Optimisation of spray-coating parameters. (a) Schematic illustration of the spray-

coating setup. (b) Photographs of spray-coated PET film with graphene ink at different 

parameters. (c) Photographs of raw PET film and spray-coated PET film with graphene ink 

(pressure = 1.4 bar, distance = 10 cm, time = 15 s, scale bar = 1 cm). (d) Photographs of 

graphene-coated Kapton films with increasing spray time (scale bar = 1 cm). (e) Optical 

transmittance (550-1400 nm) of graphene-coated Kapton films. (f) Optical transmittance at 800 

nm of the graphene-coated Kapton films. (g) Sheet resistance (Rs) of the graphene-coated 

Kapton films before and after pulse light annealing. 
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degradation temperature of PET film, which makes it susceptible to thermal 

damage despite the thin graphene layer on top.141 Hence, to further optimise 

the spray coating process, graphene inks were sprayed onto Kapton films, 

known for their high-temperature resistance, to assess the impact of spray time 

on both the conductivity and quality of the electrode (Figure 20d). As the spray 

time increased, the optical transmittance of the graphene-coated Kapton films 

decreased, indicating a thicker graphene layer being deposited. 

 

After the annealing process, the sheet resistance of the Kapton electrode 

followed the same trend as the optical transmittance measured at 800 nm, 

confirming that the thickness of the graphene layer increased with the spray 

time (Figures 20 e and f). This observation further validates the proportional 

relationship between the amount of graphene deposited and the duration of the 

spraying process, which is crucial for controlling the conductivity and 

uniformity of the final electrodes. 

 

3.5.2 Enhanced graphene-based electrode with the PVA adhesion 

layer 

 

 
Figure 21 (a) Contact angle of PVA film with DI water just after UV/Ozone treatment for 

different durations. (b) The Rs of the 1 cm2 graphene electrode, 1 cm2 graphene/PVA electrode 

and 2 cm2 graphene/PVA electrode. The insets show photographs of the corresponding 

electrodes, each with 6 minutes of spray time. 
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By applying the optimized spray coating parameters, PVA-coated cotton 

textiles were used to deposit graphene electrodes, thereby enabling the 

development of textile-based electrodes for T-TENG applications.  

Graphene inks were prepared in an IPA/PVP solution, which contains a 

majority of polar functional groups. These include hydroxyl groups (-OH) in 

IPA, and carbonyl (-C=O) and amine (-NH) groups in the PVP chemical 

chains. UV/Ozone treatment is an effective technique to improve the surface 

activity of PVA film and further increase the chemical affinity between 

IPA/PVP and PVA.142 To test the wetting of graphene ink on the PVA-coated 

textile, the contact angle of the graphene ink was measured on pure PVA 

polymer films. Figure 21a shows that the contact angle between the PVA film 

and water decreases with increasing UV/Ozone treatment time. After 10 

minutes of UV/Ozone treatment, the contact angle reached 11.0°, 

demonstrating its role in enhancing the interaction between PVA and the 

IPA/PVP solution. Therefore, each PVA bar-coated cotton fabric is treated 

with UV/Ozone for 10 minutes prior to spraying the graphene. 

 

The sheet resistance (Rs) of the graphene electrode and different sizes of 

graphene/PVA electrodes are presented in Figure 21b. Even after 6 minutes 

of spraying graphene ink, the Rs of the graphene electrode was as high as 5.4 

MΩ/□. This high resistance is due to the uneven 3D surface of the cotton fabric, 

which is the major obstacle to the formation of an effective electrical network, 

even with a substantial amount of graphene flakes deposited. In contrast, a 

complete PVA film, enhanced by improved surface activity, promotes more 

efficient graphene deposition and better uniformity in the distribution of flakes. 

Consequently, the Rs of the 1 cm2 and 2 cm2 graphene/PVA samples were 

improved to 479.3 Ω/□ and 1.1 kΩ/□, respectively. This improvement in 

conductivity will enhance charge mobility when these electrodes are used as 

components in T-TENGs. 
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3.5.3 Morphology of graphene-based textile electrode 

 

 

 

 

 

 

 

 

 

 

 

Figure 22 Surface morphology of (a) Pristine cotton textile, (b) Cotton textile spray-coated with 

graphene, (c) Cotton textile bar-coated with PVA, (d) Cotton textile with graphene/PVA 

composite coating. (e) Cross-sectional image of graphene/PVA-coated cotton textile. (f) AFM 

image of a scratch on graphene spray-coated Si/SiO2 wafer (120 s spray time). (g) Step height 

of the scratch, indicating the thickness of the graphene layer. 

To examine the microstructural changes, SEM measurement is a key 

technique. As shown in Figure 22(b), when graphene was directly sprayed 

onto the pristine cotton textile, the uniform coating failed to form on the 

surface. However, after introducing a PVA adhesive layer, the uneven 3D 

surface of the cotton fabric was greatly smoothed, allowing for the easy 

fabrication of a uniform graphene coating (Figures 22c and d). The cross-

sectional SEM image of the graphene/PVA electrode confirmed the 

uniformity of the bar-coated PVA layer, with the composite layer thickness 

measuring approximately 136 μm. 

 

Since the graphene layer is much thinner than the PVA layer, part of this layer 

integrates with the PVA surface due to hydrogen bonding between the 

carbonyl groups in the PVP chains and the hydroxyl groups in the PVA 

chains.143 To determine the thickness of the graphene layer, graphene was 

sprayed onto a Si/SiO2 wafer using the same spray parameters. Three scratches 

were made at different points on the sample, and the step height was measured 

and calculated. The estimated average thickness of the graphene layer was 

found to be 44.09 nm, with a small error of 3.13 nm. 
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3.5.4 Wearability and durability of graphene-based textile electrode 

 
Figure 23 (a) The resistance changes of the graphene electrode (1×1 cm2) and graphene/PVA 

electrode (1 cm2) in response to different bending angles. The inset shows the measurement 

configuration. (b) The Rs changes of both electrodes over 300 bending cycles. 

Long-term wearability is a critical performance factor to evaluate the 

reliability of the textile electrodes. The response of electrodes to varying 

bending angles is shown in Figure 23a. Compared to the graphene electrode, 

the graphene/PVA electrode demonstrates superior conductivity stability at all 

bending angles. Additionally, it can withstand 180° bending over 300 cycles 

(Figure 23b). This enhanced durability can be attributed to the hydrogen 

bonding between N-Vinylpyrrolidone (NVP), the monomer formed after the 

thermal degradation of PVP, and the PVA layer.144 In contrast to the relatively 

weak Van der Waals forces between single graphene flakes, this chemical 

bonding for immobilising the graphene flakes is more stable and 

stronger.143,145 
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Chapter 4 

4. Performance of graphene-based textile-

triboelectric nanogenerators 
 

4.1 Chemicals and materials 

 

Table 7 Chemical and materials 

Name Specifications Pro. No. Manufacturer 

Polytetrafluoroethylene 

(PTFE) film 

Thickness = 

0.30 mm 
1252759A EsportsMJJ 

Copper tape 
Thickness = 

0.06 mm 
1181 3M 

 

4.2 Instrument 

 

Table 8 Related new instrument 

Name Model Brand 

Source Measurement Unit (SMU) SMU4201 AimTTi 

Commercial force sensor XMT-808 Bengchuan Co. Ltd. 

 

4.3 Assembly of wearable Textile-TENG 

 

The superior 1 × 1 cm2 graphene/PVA electrode was used to assemble the 

wearable graphene-based T-TENG and be ready to work in contact-separation 

mode. It functions as both the induction electrode and the tribopositive layer. 

To enhance the output performance of T-TENG, a PTFE film was employed 

as the opposing friction layer due to its ability to store more charge and 

efficiently transfer during operation.146 Copper tape was attached to the 

backside of the PTFE film to connect it to the external circuit. A 3 mm gap 
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between the two friction layers was maintained using an insulating sponge. A 

schematic illustration of the T-TENG device is depicted in Figure 24. 

 

 

 

 

 

 

 

 

 

4.4 Measurement of output performance and sensing applications 

 

To measure the output performance of the graphene-based T-TENG and 

demonstrate its application in biomechanical sensing, the contact-separation 

action is driven by a reciprocating linear motor. A commercial force sensor is 

integrated with the measurement platform and calibrated (this process will be 

detailed in Section 4.5.1) as a reference. Triboelectric output short-circuit 

current (Isc) signals are recorded using an SMU in Measure Current (MC) 

mode to mitigate the effects of high internal impedance. 

 

The open-circuit voltage (Voc) signals are calculated using the rectified Isc 

under different load resistances, with a detailed analysis provided in Appendix 

1. The power density corresponding to the external load is calculated using 

the formula P = (I2× R)/A, where R, I, A, and P represent the load resistance, 

the output current, the contact area of the device, and the peak power density 

respectively. The capacitor outputs are also measured using the SMU in 

Measure Voltage (MV) mode, with the capacitors being connected in parallel 

during both the charging and discharging processes. 

 

For the pressure sensor, the external force is applied by an identical linear 

motor. The applied force is monitored and recorded by the calibrated 

commercial force sensor. The current corresponding to the force is also 

Figure 24 Schematic illustration of graphene-based T-TENG. 
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measured using the same SMU in MC mode, without the addition of external 

loading resistance. 

 

4.5 Results and Discussion 

 

4.5.1 Customisation and calibration of the measurement platform 

 
Figure 25 (a) Schematic illustration of the platform calibration for the preparation of 

measuring the output performance of the graphene-based T-TENG. (b) Compression force 

recorded at various working frequencies. (c) Compression force recorded at different working 

distances. 

The calibration of the measurement platform is the basis before evaluating the 

performance of the graphene-based T-TENG. As shown in Figure 25a, the 

platform consists of a moving end driven by a reciprocating linear motor and 

a fixed end integrated with a commercial force sensor. The front side of the 

force sensor was prepared for attaching the graphene-based T-TENG device 

to conduct the measurement. 

 

The graphene-based T-TENG was set aside before starting the calibration 

process, and the reciprocating linear motor was activated for 10 minutes of 
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warm-up to reach a stable working status. Figure 25b demonstrates that the 

compression force remains relatively stable within the range of 9.0 - 9.6 N 

across the working frequency range of 0.1-3.0 Hz. An outlier occurred at 3.17 

Hz, with a force of 12.7 N. Therefore, the frequency range of 0.1-3.0 Hz was 

selected as the operational range for the subsequent measurements. 

Additionally, by adjusting the working distance between the two ends, the 

compression force could be controlled and monitored (Figure 25c). The force 

exhibited an inverse linear relationship with the working distance, indicating 

that the compression force between 0.98 N to 39.8 N can be calculated within 

the working distance range of 10.5-13.5 cm. 

 

Therefore, this customised platform, integrated with a reliable reference force 

sensor, was able to be used as a key component in evaluating the output 

performance of the graphene-based T-TENGs. 

 

4.5.2 Working principle of graphene-based T-TENG 

 
Figure 26 (a) Working principle of the graphene-based T-TENG. (b) Photograph of the 

graphene-based T-TENG. (c) Current generated during one working cycle. 
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Figure 26a presents the working mechanism of the graphene-based T-TENG 

device. Initially, there is no induced charge between the two separated 

triboelectric materials (Figure 26a (i)). When pressed, the graphene and PTFE 

layers come into contact, generating the same amount of triboelectric charges 

with opposite polarities on their surfaces (positive charges on the graphene 

and negative charges on the PTFE) as shown in Figure 26a (ii). At this stage, 

no electron flow occurs. As the external force is fully released, the materials 

return to their original positions, inducing opposite charges between the two 

electrodes for charge compensation (Figure 26a (iii)). This electrostatic 

induction drives electrons to flow from the upper Cu electrode to the top 

graphene electrode. Then, the charges on the triboelectric materials (i.e. 

graphene and PTFE) are exposed to a potential difference which forces 

charges to a new equilibrium, resulting in minimal electron flow (Figure 26a 

(iv)). When the device is pressed again, the potential difference changes 

between the Cu electrodes and graphene, causing a reverse electron flow 

(Figure 26a (v)). Finally, the cycle ends with the complete separation of the 

two ends when the force is fully released, ready to start the next cycle. The 

photo of the assembled graphene-based T-TENGs and the corresponding 

current signals generated during one cycle are shown in Figures 26 (b) and (c). 

 

4.5.3 Influencing parameters on output performance 

 

The open-circuit voltage (Voc) and short-circuit current (Isc) are key indicators 

for evaluating the output performance of the graphene-based T-TENG device. 

Figure 27 shows the rectified Voc and original Isc as functions of both working 

frequency and applied pressure. When the pressure is fixed, the Voc and Isc 

increase with frequency. The maximum voltage and current reach 18.2 V and 

32.4 nA respectively (Figures 27 a and b) 

 

The typical TENG output Voc and Isc can be explained as follows.123,147 At 

open-circuit conditions, there is no charge transfer in the circuit, which means 

the charge is 0. Therefore, the open-circuit voltage Voc is given by 

 0

(t)
oc

x
V




=

  (12) 
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At short-circuit conditions, the voltage is 0. Therefore, the transferred charge 

(Qsc) and Isc can be given by 

 0

(t)

(t)
sc

S x
Q

d x


=
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  (13) 
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+ +
  (14) 

In the above equations, d0 is the effective thickness constant, which is defined 

as the sum of the ratio of the thickness of all dielectric material (PTFE and 

graphene) between two electrodes (Cu and graphene) to their relative 

dielectric constants. While σ, x, ε0, S, and t represent the electric charge density, 

the separation distance between graphene and PTFE, the dielectric constant of 

air, the effective contact area, and the contact-separation time, respectively. It 

can be observed that both Voc and Isc are positively correlated with surface 

charge density (σ).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 27 Output performance of graphene-based T-TENGs. (a) Open-circuit voltage 

generated at different frequencies. (b) Short-circuit current generated at different frequencies. 

(c) Open-circuit voltage generated under different pressures. (d) Short-circuit current 

generated under different pressures. 
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When the pressure is fixed, Voc increases primarily due to the accumulation of 

incompletely neutralised surface charges at high frequencies as shown in 

Figure 27a. Meanwhile, as the frequency increases, the time (t) decreases, 

causing Isc to rise owing to the faster electron transfer rate (Figure 27b), as 

described by Equation (14). 

 

When the frequency is fixed, the Voc increases with applied pressure, as the 

increased compression force enhances the effective contacting area by 

squeezing the two opposite friction materials. The Voc and Isc reach up to 21.2 

V and 61.5 nA respectively (Figures 27 c and d). However, when the pressure 

reaches 294 kPa, the voltage no longer increases. This plateau effect is 

attributed to the saturation of surface charge density, where the maximum 

amount of charge has been accumulated on the surface. This phenomenon is 

further supported by the current signal measurements, which show no 

significant increase beyond this pressure threshold. 

 

4.5.4 Application as the self-powered source  

 

Wearable T-TENGs have the potential to harvest biomechanical energy from 

body movements to power wearable electronics, such as health monitors, 

motion sensors, smart clothing, and wireless communication devices, 

functioning as a self-powered source. This technology enables battery-free 

operation or extended battery lifespan, making it ideal for applications such 

as fitness tracking, medical monitoring, and smart textiles in everyday life. 
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Aiming to charge low-power devices, impedance matching experiments are 

essential to measure the power output of the T-TENG at various external load 

resistances. Figure 28 a and b illustrate the relationship between Voc, Isc, power 

density, and load resistance for graphene-based T-TENGs (1 cm2 size) 

operating under two different pressures, 9.8 kPa and 294 kPa. These 

measurements were conducted by connecting the device in series with 

resistors ranging from 1 kΩ to 120 MΩ. The circuit connection is depicted in 

Appendix 1, Figure S1. Voc and power density were calculated based on the 

corresponding Isc values as mentioned previously. Under low pressure (9.8 

kPa), the power density reaches a maximum of 1.8 μW/m² (Figure 28a) when 

the external load is 70 MΩ. At this point, the corresponding Voc and Isc are 

0.1V and 1.6 nA, respectively. This is because maximum power transfer 

occurs when the internal impedance of the device is matched with the external 

load resistance, achieving an equilibrium state. To further increase the power 

Figure 28 Application as self-powered source. The Voc, Isc and output power density of T-

TENGs versus different external load resistance under (a) 9.8 kPa and (b) 294 kPa. 

(c)Voltage change of a 60 nF capacitor powered by the T-TENG at different working 

frequencies. The inset shows the electric circuit connecting the T-TENG to the capacitor. (d) 

One cycle of charge-discharge activity at a 0.5 Hz working frequency.  
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density, higher pressure (294 kPa) was applied to the device. Under this 

condition, the maximum power density of 1.7 mW/m² was obtained with a 

120 MΩ load resistance, demonstrating the power potential of the device 

(Figure 28b). 

 

Therefore, the graphene-based T-TENG serve as a power source to charge the 

capacitor. Figure 28c shows the charging capacity of a 60 nF commercial 

capacitor powered by the T-TENG. The inset illustrates the circuit connection 

mode. The charging rate induced in the capacitor by the device gradually 

increased with the pressing frequency. At a pressing frequency of 1.23 Hz, the 

capacitor reached a voltage of 1.5 V in 5 seconds, which is half the time 

required at a pressing frequency of 0.5 Hz. The enlarged view of the charging 

voltage in Figure 28d reveals that the voltage increased in discrete steps after 

passing through the rectifier, with each step corresponding to a pressing cycle. 

 

4.5.5 Monitoring of human physiological signals 

 

In addition to serving as a power source, the applied force is closely correlated 

with the electrical output of the graphene-based T-TENG, enabling it to 

function as a self-powered biomechanical sensor. During operation, the 

assembled T-TENG can make direct contact with human skin or other objects, 

facilitating motion monitoring (Figure 29a). The magnitude of the applied 

peak pressure is reflected by using the Isc without external load as the sensing 

signal of the graphene-based T-TENG. Figure 29b shows the real-time 

positive Isc under different pressures, with the signal consistently increasing 

from 2.8 nA to 62.8 nA as the pressure rises from 9.8 kPa to 318.5 kPa. The 

pressure sensitivity is evaluated across two typical sensory ranges: a high-

sensitivity range below 120 kPa, with a sensitivity of 0.363 nA/kPa, and a 

relatively lower sensitivity range above 120 kPa, with a sensitivity of 0.124 

nA/kPa. 
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As illustrated in Figures 29c and 29d, the graphene-based T-TENG exhibits a 

consistent and immediate response time of 80 ms under applied pressures of 

9.8 kPa and 294 kPa. Additionally, the recovery times from full contact to full 

separation are 120 ms and 100 ms, respectively, demonstrating the device's 

rapid responsiveness. The recovery delays can be attributed to variations in 

the pressure release time, as controlled by the linear motor. 

 

In daily life and outdoor activities, different human motions exhibit unique 

physiological characteristics, which are reflected in the varying degrees of 

bending or stretching of human joints. Articular flexion data can offer reliable 

assistance in medical healthcare and activity tracking. To demonstrate the 

potential of the graphene-based T-TENG as a wearable sensor for monitoring 

diverse human motions, the devices were applied to human fingers to detect 

both slight and extensive periodic movements, as illustrated in Figure 30a. 

Each sensor exhibited distinct responses to the bending motions of individual 

fingers, capturing variations in bending speeds and amplitudes. Furthermore, 

Figure 29 Working as pressure sensors. (a)Schematic demonstration of the pressure sensor. 

(b)The output of the T-TENG as a function of varying loading pressure/force. The response 

time and recovery time of T-TENG under the pressure of (c) 9.8 kPa and (d)294 kPa. 
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the sensor was capable of detecting a range of larger-scale human movements, 

including knee bending, foot pressing, and hand tapping, as shown in Figure 

30b. The generated electrical signals corresponded directly to the relative 

movement of specific body parts, with the signal characteristics being 

dependent on the frequency and magnitude of the biomechanical motion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

These electrical signals provide valuable data for recording body movements, 

enabling applications in healthcare rehabilitation, such as monitoring joint 

flexibility and recovery progress, as well as in outdoor rescue scenarios, where 

real-time motion tracking is essential for effective intervention. 

  

4.5.6 Stability and durability of graphene-based T-TENG 

 

The stability and durability of the graphene-based T-TENG are demonstrated 

in Figure 31. The output current shows that the device maintains excellent 

performance for over 30 days without degradation in typical human living 

conditions. Additionally, its long-term durability is confirmed through 1000 

continuous cycles, highlighting its robust electrical performance. The surface 

Figure 30 Application in sensing human physiological signals. (a) Real-time monitoring of 

biomechanical movements of five fingers. (b)Detection of extensive human joint motion. 
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morphology of the graphene-based electrode further supports its solid and 

stable structural composition. 

 

 
Figure 31 (a) Stability and (b) durability of the T-TENG. The inset shows the current output 

during the first and last 6 cycles. (c, d) Surface morphology of the T-TENG before 1000 

continuous working cycles, and (e, f) after 1000 continuous cycles. 

 

Thanks to its good output performance, remarkable mechanical flexibility, 

high sensitivity, and compatibility with industrial production processes, this 

graphene-based T-TENG can be used as an embedded self-powered sensor for 

monitoring body movements. These properties pave the way for the 

development of scalable, wearable bioelectronics, intelligent robotics, 

prosthetics, and healthcare monitoring systems. 
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Chapter 5 
 

5. Conclusion and perspective 
 

5.1 Conclusion 

 

Synthesis of graphene ink via liquid-phase exfoliation (LPE): A scalable 

and efficient method for synthesising high-concentration graphene ink 

through liquid-phase exfoliation was successfully developed. The optimised 

process achieved remarkable stability, maintaining quality without 

degradation for up to 180 days. This breakthrough paves the way for cost-

effective, large-scale production of high-quality graphene, offering significant 

advantages for diverse industrial applications. 

 

Fabrication of graphene-based electrodes: A high-throughput spray-

coating technique, supported by a PVA adhesive layer, was optimised to 

integrate uniform and durable graphene electrodes onto cotton textiles. These 

electrodes demonstrated excellent electrical conductivity (Rs = 479.3 Ω/□), 

mechanical robustness, and wearability, making them highly suitable for 

wearable electronic applications. The method ensures scalability and 

repeatability, addressing critical requirements for the commercialisation of 

wearable technologies. 

 

Integration into wearable textile-based triboelectric nanogenerators (T-

TENGs): The assembled graphene/PVA textile-based TENGs exhibited 

outstanding energy-generation performance under various mechanical 

stimuli. Key output parameters included a Voc of 21.2 V, Isc of 61.5 nA, and a 

power density of 1.7 mW/m². The T-TENGs also showcased high sensitivity 

to external pressure (0.363 nA/kPa in the range of 9.8-120.0 kPa and 0.124 

nA/kPa in the range of 120.0-328.5 kPa), demonstrating their potential for 

real-world applications. Their robust durability and stability enabled 

applications in monitoring biokinetic signals, presenting significant 
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opportunities in medical convalescence, outdoor activity recording, and 

rescue scenarios. 

 

5.2 Current Issues and possible solutions 

 

Yield of graphene inks: To enhance the yield of few- and mono-layer 

graphene, alternative exfoliation techniques such as shear mixing or 

electrochemical exfoliation should be explored. These methods could reduce 

defect introduction while increasing exfoliation efficiency. Moreover, 

developing inks with higher graphene concentrations will broaden their 

application across various deposition methods, improving electrode 

fabrication efficiency and scalability. 

 

Electrode fabrication efficiency: Investigating additional deposition 

techniques, such as inkjet printing or roll-to-roll processing, is essential to 

improve the scalability of T-TENGs for large-area applications. By refining 

these techniques, the production of uniform and high-performance electrodes 

could meet the demands of industrial-scale manufacturing. 

 

Degradation of the PVA layer: Robust encapsulation strategies should be 

developed to protect the assembled T-TENGs from environmental 

degradation, including moisture, temperature, and mechanical abrasion. 

Replacing metal electrodes with stable, flexible alternatives such as graphene 

or other conductive 2D materials will further enhance device durability and 

functionality. 

 

Low output performance of T-TENGs: To address the low energy output, 

the exploration of other 2D materials or composites with optimal tribopositive 

and tribonegative properties is necessary. Enhancing the surface charge 

density directly correlates with improved performance. Additionally, 

optimising device architecture and incorporating advanced nanostructures 

could significantly boost energy-generation efficiency. 
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Washability and breathability of T-TENGs: Ensuring that T-TENGs retain 

the washability and breathability of the typical textiles is critical for their 

integration into daily wear. Research efforts should focus on maintaining these 

properties while improving device performance and functionality. 

 

Collection and processing of sensing data: The integration of machine 

learning (ML) and artificial intelligence (AI) for data collection and 

processing will enable more efficient recognition of physiological signals. 

This advancement will expand the application of T-TENGs in various 

scenarios, such as personalised health monitoring, fitness tracking, and 

emergency response systems. 

 

5.3 Perspective 

 

The development of graphene-based T-TENGs represents a promising avenue 

for advancing wearable technologies, sustainable energy solutions, and smart 

textiles. Future research should prioritise the seamless integration of T-

TENGs into diverse applications, from healthcare and environmental 

monitoring to energy harvesting and interactive electronics. By addressing the 

outlined issues, the field can move closer to realising commercially viable, 

high-performance devices that meet the demands of modern society. 

Collaboration across interdisciplinary fields, including material science, 

engineering, and data science, will be instrumental in achieving these goals. 
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Appendix 

Appendix 1: Calculate Voc based on rectified I with 

different loading resistances 
 

The high burden (> 10 GΩ) in the Measure Voltage (MV) mode of the SMU 

leads to a voltage drop during the direct measurement of Voc, affecting the 

accuracy of the measurement. Therefore, the calculation of Voc was performed 

based on the measured Isc in the MC mode of the SMU, as explained in the 

following details. 

 

 
Figure S1 Circuit for collecting rectified current signal 

 

 
OC int out TENG Load

V =V +V =I * R  + R（ ）  (S-1) 

 

 Load

out OC

TENG Load

R
V =V

R  +R  
   (S-2) 

 

Where VOC, Vint, Vout, RTENG, RLoad, and I are open-circuit voltage, the internal 

voltage inside the graphene-based T-TENG device, output voltage passes the 
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external circuit, resistance of graphene-based T-TENG, load resistance and 

rectified current. 

 

When RLoad ≫ RTENG, Vout ≈ Voc. When RTENG/ RLoad = n, Voc = (n+1) × Vout.  

Therefore, by measuring and plotting Vout under a given load resistance, the 

measured Vout can be multiplied by (n+1) to approximately obtain the Voc of 

TENG. 

 

 
Figure S2 Vout obtained at 1.0 Hz frequency versus different external load resistances. The 

calculated Voc = 0.80±0.01 V 
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Figure S3 Vout obtained at 1.0 Hz versus different external load resistances. 

 

 
Figure S4 Vout obtained under 49 kPa versus different external load resistances 
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