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Abstract  

Aerosol-Jet Printed Nanocomposites for Flexible and 

Stretchable Thermoelectric Generators 

Canlin Ou 

Converting waste heat from the environment into usable electricity, via thermoelectric 

generators (TEGs) based on thermoelectric (TE) materials, is predicted to be one of the most 

promising renewable energy solutions of the future. TE materials produce a current when 

subjected to a temperature gradient as a result of the Seebeck effect, and are characterised by a 

TE figure of merit, ZT = S2σT/κ, where S is the Seebeck coefficient, σ is the electrical 

conductivity, T is the operating temperature, and κ is the thermal conductivity. TEGs can be 

used as an energy source for ‘small-power’ applications, such as wireless sensors and wearable 

devices. Nonetheless, traditional inorganic TE materials pose significant challenges owing to 

their high cost, toxicity, scarcity, and brittleness, particularly when it comes to applications 

requiring flexibility and/or stretchability. On the other hand, organic TE polymers are less 

expensive, environmentally friendly, and flexible. However, they typically suffer from poor 

TE performance due to their comparatively low S and σ. This thesis therefore seeks to explore 

solutions for high-performance and mechanically conformable TEGs based on 

organic-inorganic TE nanocomposites, adopting a material engineering approach to enhancing 

TE properties while ensuring the flexibility and/or stretchability of TEGs.  

In this work, a flexible and robust TEG based on a novel hybrid nanocomposite structure 

for harvesting energy from low-grade waste heat, has been successfully fabricated via a 

customised and scalable aerosol-jet printing (AJP) technique. Firstly, Bi2Te3 nanoparticles and 

Sb2Te3 nanoflakes were fabricated using a solvothermal synthesis approach, and their resulting 

morphological and microstructural properties were studied. They were then incorporated into 

a conducting polymer matrix poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(PEDOT:PSS) via the AJP method, resulting in well-dispersed TE nanocomposites on flexible 

polyimide substrates. These TE nanocomposites comprised Bi2Te3/Sb2Te3 nano-inclusions 

with higher S and σ embedded within a polymeric PEDOT:PSS matrix having lower κ. The 

compositions were dynamically tuned and controlled by the in-house developed in situ mixing 
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method to optimise the resulting power factor (PF = S2σ). The AJP technique used in this work 

allows functional materials to be printed from inks with a wide range of viscosities and 

constituent particle sizes and shapes. The morphological and TE properties of AJ-printed 

nanocomposite structures were then evaluated as a function of the composition so that optimum 

ink formulation and printing conditions could be found to maximise the final TE performance. 

Importantly, these TE nanocomposites were found to be particularly stable and robust upon 

repeated flexing. They can be directly integrated into high-performance TEGs with minimal 

post-possessing treatment, making them particularly suitable for flexible TE applications.  

Subsequently, multiwall carbon nanotubes (MWCNTs) were introduced to enhance σ of 

AJ-printed nanocomposites, thereby achieving even higher PF values. A novel in situ mixing 

method was capable of simultaneously incorporating high-S Sb2Te3 nanoflakes and high-σ 

MWCNTs that could provide good inter-particle connectivity, to significantly enhance the TE 

performance of PEDOT:PSS. Rigorous flexing and fatigue tests also confirmed the excellent 

mechanical robustness and stability of these AJ-printed MWCNTs-based TE nanocomposites. 

The added MWCNTs have led to not only higher σ, but they also have improved the mechanical 

flexibility and fatigue robustness of the resulting nanocomposites.  

Since the ZT and PF of TE materials often have a strong dependence on temperature, a 

single TE material spanning a given temperature range is unlikely to have an optimal ZT or PF 

across the entire range, leading to the inefficient TEG performance. The temperature-dependent 

TE properties of AJ-printed TE nanocomposites were therefore studied as a function of the 

loading fraction, with a view to enhancing the overall TE performance of a TEG by varying its 

composition accordingly across a given temperature range. For the first time, compositionally 

graded thermoelectric composites (CG-TECs) have been developed and shown to improve TE 

performance over TEGs having a single composition across the same temperature range. The 

composition of the TE nanocomposite was systematically tuned along the length of the TEG in 

order to optimise the PF along the temperature gradient between which it operates.  

Lastly, the AJP technique was used to fabricate free-standing and stretchable TE structures, 

by printing serpentine patterns of the TE ink onto a sacrificial substrate that was subsequently 

removed. The TE performance and stretchability under different imposed mechanical 

conditions were evaluated, including testing for the reliability of prolonged stretching cycles. 

The CG-TEC concept was also incorporated into the stretchable structure to achieve further 

improvement of TE performance. 
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Chapter 1     

Introduction 

1.1 Challenges and Objectives 

Thermoelectric (TE) power generation is one of the most promising renewable energy 

harvesting technologies of the future, as this can potentially be environmentally friendly, 

long-lasting, and maintenance-free.[1] Thermoelectric generators (TEGs) could potentially 

address the massive energy demands of future self-powered electronic devices, in particular in 

remote, dangerous, and/or inaccessible locations. Consequently, there has been tremendous 

interest in developing low-cost, flexible, and efficient TEGs for thermal energy harvesting 

applications. However, one of the most pressing issues that researchers in this field are facing 

is the development of new classes of high-performance TE materials. Although the Seebeck 

effect, by which a material produces a voltage when subjected to a temperature gradient, was 

discovered in 1821, its potential for the power generation was recognised only in the 

mid-twentieth century. The difficulty of processing inorganic TE materials, low energy 

conversion efficiency, and high cost per Watt have largely limited their scope to niche 

applications, such as spacecraft and military applications.[1,2] Since the 1990s, research in 

thermoelectrics has thrived through the discovery of new and efficient inorganic TE material 

compositions, and also through the boost in TE performance achieved by the nanostructuring 

of materials.[1,3–7]  

Nevertheless, TE power generation has still been a relatively under-utilised energy 

harvesting technique due to the lack of suitable TE materials with high performance and energy 

conversion efficiency, as well as the difficulty in processing existing inorganic TE materials 

into easily adaptable electronic devices, particularly in light of scarcity, high cost, and 
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toxicity.[8–10] Furthermore, their typically rigid and brittle nature significantly constrains their 

applicability in flexible and/or wearable devices.[9,11,12] The complexity of raw material 

fabrication and large-scale device production also poses major technological hurdles to the 

advancement of TE technologies for ‘small-power’ applications, such as wireless sensors and 

portable devices. More recently, solution-processable organic TE polymers have been proposed 

as substitutes, which have attracted great attention as low-cost and flexible, or even stretchable 

TE devices.[13–15] Although their TE performance still lags considerably behind their 

inorganic counterparts, and their applications are mostly constrained to a lower temperature 

range (at and close to room temperature), they are low-cost, light-weight, non-toxic, abundant, 

and solution-processable with low thermal conductivity, which is beneficial to achieve good 

TE performance.[10,16,17] Importantly, they are particularly well suited for the large-area 

deposition or printing that are critical for high-volume manufacturing of printed 

electronics.[18–21] Thus, the material selection is of vital importance, as the selected TE 

material not only determines the TE performance of the resulting TEGs, but it also places limits 

on parameters such as operating temperature ranges and imposed mechanical conditions. 

However, suitable TE materials that are performance-efficient and cost-effective are rare, and 

there exist associated difficulties with processing current TE materials into easily adaptable, 

conformable, and flexible TEGs.[1,3,5,8,9,22–25] In this context, nano-engineering tools can 

be employed to overcome some of the difficulties associated with single-phase TE materials 

by creating an organic-inorganic nanocomposite structure.[4,26,27] This has been intensively 

investigated as an effective approach to enhancing the TE performance of organic TE polymers, 

where high-performance inorganic TE nano-inclusions are embedded within the organic TE 

polymeric matrix to tune the final TE properties of nanocomposite structures. In addition, the 

ability to print them on flexible substrates is a particularly attractive feature, since the 

mechanical flexibility and stretchability are also crucial factors to be considered.[25] For some 

applications, like wearable electronics, stretchability is highly required. Nonetheless, the 

improvement of TE performance has been unsatisfactory owing to the poor distribution and 

dispersion of the inserted nano-fillers within the polymeric matrix. Uncontrollable interfaces 

and other defects are often introduced, which could result in poor electrical connections 

between particles and could give rise to other interface-related issues.[25] Thus, the main aims 

and objectives of this thesis are to achieve fully-printed well-dispersed TE nanocomposite 

structures with enhanced TE properties, and to obtain highly flexible and potentially stretchable 

TEGs. 
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In this work, p-type conducting polymer poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS) has been selected as the polymeric matrix, as it can be readily 

processed with high electrical conductivity.[28] Tellurides of bismuth and antimony 

(Bi2Te3/Sb2Te3) have been chosen as inorganic nano-inclusions by virtue of their excellent TE 

properties at or near room temperature.[1,3,5] Cost-effective, time-efficient, and 

solution-based material synthesis approaches have also been developed to yield high-quality 

inorganic TE nanomaterials in gram quantities. Subsequently, in order to obtain 

high-performance PEDOT:PSS-based nanocomposites, Bi2Te3/Sb2Te3 nanomaterials have 

been added for the enhancement of Seebeck coefficient, and multiwall carbon nanotubes 

(MWCNTs) have been included for the improvement of electrical conductivity. Furthermore, 

particular emphasis has been placed on developing surfactant-free printable inks for the 

fabrication of well-dispersed nanocomposite structures by using a state-of-the-art 

aerosol-jet printing (AJP) technique. This innovative printing technique can accommodate two 

separate ink sources (i.e. one for the organic component and the other for the inorganic 

component) and in situ mix different ink materials to form nanocomposite structures with 

effective control of dispersion and distribution of the loaded nano-fillers within the organic 

polymer matrix. By this process, the composition of nanocomposites can be dynamically tuned 

to optimise their overall TE performance as well as to overcome the TE performance 

constraints of constituent materials. Furthermore, in order to ascertain the correlation between 

the composition of the nanocomposite system and its TE properties, various loading ratios 

between organic and inorganic components have been carefully examined. In addition, 

different post-processing surface treatment routines have been conducted to further enhance 

their TE properties, and the optimum film printing and post-processing treatment conditions 

have been determined accordingly.  

As current approaches to large-scale production of thermoelectric generator (TEG) still 

remain challenging, especially for flexible and stretchable TEGs, organic-based TEGs are 

well-suited in this respect. They can be easily integrated into flexible and wearable platforms 

by a variety of additive manufacturing routes. Since these flexible or stretchable TEGs are 

mostly deployed around low-grade heat sources (<100 oC), the high-performance 

organic-inorganic TE nanocomposite structures developed here can be incorporated into 

microscale flexible and/or stretchable TEG devices, by using the high-resolution AJP 

technique. Additionally, proper TEG device design, including the TE leg geometry 

optimisation, contact resistance minimisation, and p-n junction formation, should be taken into 
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consideration to achieve higher power output and improved efficiency. Computational 

modelling tools have also been employed to predict and optimise the device performance 

While the field continues to be driven by the discovery of new TE materials, composites, 

and devices, a key issue that hinders TE performance across the board is often overlooked, as 

explained as follows. Since the figure-of-merit (ZT) or power factor (PF) used to evaluate 

thermal energy conversion efficiency and performance of TE materials has a strong 

dependence on temperature, a single TE material (whether single-phase or composite structure) 

spanning a given temperature range is unlikely to have an optimal ZT or PF value across the 

entire temperature range. This leads to the inefficient TE performance of the TEG in practical 

use. They therefore need to be optimised so that they can be fully and efficiently utilised across 

the whole operating temperature range. Here, a novel compositionally graded thermoelectric 

composite design has been adopted to enhance the overall thermal-to-electrical energy 

conversion efficiency of the printed TEG, where the PF has been optimised to work effectively 

over the whole temperature range by spatially varying the composition of the nanocomposite 

structure. The loading fraction of inorganic nano-insertions within a conducting polymeric 

matrix can be appropriately tuned along the length of the TE leg to give rise to such 

compositionally graded TE structures.  

Finally, the author aims to fabricate a stretchable TEG that is based on an innovative free-

standing serpentine structure for integration into wearable devices or waste heat recovery from 

curved surfaces, such as hot water pipes, where weight, flexibility, conformability, and 

stretchability are general requirements for the structural design of such TEG. A multilayered 

stretchable structure has also been proposed to further improve the power output so that it can 

be incorporated into a broader range of low-power miniature devices as a power supply.   



Chapter 1.   Introduction                                                                 5 

 

1.2 Thesis Outline 

This thesis systematically investigates the feasibility of fabricating flexible and/or 

stretchable TEGs based on novel hybrid organic-inorganic TE nanocomposites for thermal 

energy harvesting applications. This includes nanomaterial fabrication and characterisation, 

TE nanocomposite and generator fabrication, as well as TE property measurement. 

High-performance TEGs based on compositionally graded thermoelectric composite structures 

have also been explored. Furthermore, stretchable TEGs have been developed using an 

innovative free-standing serpentine structure. 

Chapter 2 provides a comprehensive literature review covering the relevant background of 

thermal energy harvesting, fundamentals of thermoelectrics, thermoelectric materials, as well 

as microscale additive manufacturing techniques. This is followed by the background of 

flexible hybrid organic-inorganic TE nanocomposites being briefly discussed. Some existing 

additive manufacturing techniques and the feasibility of integrating functional nanomaterials 

into flexible and/or stretchable TEGs are also compared. The concept of functionally graded 

thermoelectric materials and the current development in stretchable TEGs are reviewed, which 

are followed by the aims and objectives of this thesis. 

In Chapter 3, details of all experimental procedures and methodology for the TE 

nanomaterial and nanocomposite fabrication, morphological and microstructural 

characterisation, as well as TE property measurement of aerosol-jet (AJ) printed TE 

nanocomposites and their resulting prototypes of flexible and/or stretchable TEGs are provided. 

Importantly, the aerosol-jet printing (AJP) process is discussed in detail, as it is central to this 

thesis. The compositionally graded thermoelectric composite structure is also presented for the 

proof-of-concept investigation. Specific theoretical modelling and simulations are conducted 

to aid in the explanation and discussion of results in the following Chapters 4 to 7.  

Chapters 4 to 7 present the major results and discussions of this thesis. In Chapter 4, the 

resulting morphology and crystal structure of different TE nanomaterials fabricated by various 

approaches are investigated. The AJP process for the Bi2Te3/Sb2Te3-based nanocomposite 

fabrication is then comprehensively described. A novel in-house developed in situ mixing 

method allows for precise control of nanomaterial dispersion and composition within the 

polymeric matrix. In order to demonstrate the feasibility of AJ-printed TE nanocomposites, a 

detailed study evaluating their morphology and microstructure as well as the resulting TE 
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properties is conducted. Various weight ratios of TE nanomaterials, such as 

solvothermal-synthesised Bi2Te3 nanoparticles and Sb2Te3 nanoflakes, loaded within a 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) matrix are examined. 

After optimising the processing conditions, the as-grown PEDOT:PSS-based TE 

nanocomposites are forward to yield significant improvement of TE power factor. 

Subsequently, they are successfully incorporated into high-performance TEGs with excellent 

mechanical flexibility and good fatigue performance for stable and robust thermal energy 

harvesting. Multiwall carbon nanotubes (MWCNTs) are introduced to further enhance the TE 

performance, and the resulting AJ-printed TE nanocomposites are systematically analysed in 

Chapter 5. The added MWCNTs lead to not just higher electrical conductivity but also 

improved mechanical flexibility and fatigue robustness. In Chapter 6, since the composition of 

TE nanocomposites can be tuned by varying the loading ratio of inorganic nano-inclusions, 

various loading ratios of Bi2Te3 nanoparticles, Sb2Te3 nanoflakes, and MWCNTs are 

incorporated, respectively, into the PEDOT:PSS polymeric matrix to ascertain how the loaded 

nano-inclusions contribute to the TE properties of their resulting nanocomposites as a function 

of temperature. Accordingly, compositionally graded thermoelectric composites (CG-TECs) 

are developed to probe into the feasibility of utilising the concept of compositional grading for 

the enhancement of overall TE performance over a wide operating temperature range. Lastly, 

the author combines a stretchable serpentine structure with a facile and scalable AJP method 

and film lift-off technique for the fabrication of stretchable and wearable TEGs in Chapter 7. 

Single-layer free-standing TE structures with different device designs are formed for the 

investigation of fabrication process and material characterisation. A multilayered stretchable 

structure is also tested as a stretchable TEG prototype for self-powered wearable applications. 

The TE performance and mechanical stretchability under different mechanical strains are 

evaluated in detail. Also, the CG-TEC design is incorporated with the stretchable design to 

achieve higher TE performance.   

Last but not least, Chapter 8 summarises this thesis and outlines related on-going projects, 

as well as some potential future research directions.  



 

 

 

 

Chapter 2     

Background and Theory 

The purpose of this chapter is to provide an overview of the background and theory in 

thermoelectric research. Some general theories of thermal energy harvesting and 

thermoelectricity are provided. The fundamentals of thermoelectrics are also introduced, 

including the comparison of thermoelectric properties of existing inorganic and organic 

thermoelectric materials, as well as their composite structures. Subsequently, thermoelectric 

generator applications of inorganic and organic thermoelectric materials are compared in detail. 

The operating principles of different microscale additive manufacturing routes that may be 

used towards realising thermoelectric generators are briefly summarised. Among them, the 

aerosol-jet printing technique is elaborated upon, as it is central to this thesis. The concept of 

functionally graded thermoelectric materials is then discussed, including how it can be utilised 

to improve the energy conversion efficiency of existing thermoelectric generators. Lastly, some 

recent researches on stretchable thermoelectric generators are reviewed with a focus on various 

device fabrication routes. 
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2.1 Energy Harvesting Technologies 

Ever-increasing energy consumption and the resulting environmental problems have 

attracted global attention in renewable energy research. Harvesting waste energy from ambient 

sources in the environment has therefore attracted increasing interest. Waste energy sources 

existing in the environment, such as sunlight, heat, mechanical vibrations, or magnetic energy, 

can be converted by using photovoltaic, thermoelectric, piezoelectric, triboelectric, or 

electromagnetic materials and devices, respectively. These energy harvesting technologies 

could aid in achieving the dual aim of alleviating the global warming issue by diminishing the 

CO2 emission level of fossil fuel-based systems and improving the energy efficiency.[11] 

At the same time, there is a growing need for alternative energy solutions to ‘small-power’ 

applications which typically run on more traditional sources, like batteries. Advances in 

nanoscience and nanotechnology have revolutionised technologies related to sensors and 

portable electronic appliances, thus opening up a whole new dimension to modern-day life. 

Nowadays, devices, such as smartphones, music players, activity and fitness trackers, 

heart-rate monitors and smartwatches, have become an integral part of modern lifestyle, with 

miniaturisation in size of electronic components. At the same time, the explosive growth 

witnessed by the Internet of Things (IoT) applications, including the wearable industry, has 

brought about new challenges in providing self-powered solutions that can be easily integrated, 

and that are conformable, lightweight, and flexible. Regardless of how much improvement has 

been achieved in reducing the power requirement of these portable appliances, they still need 

electric power to keep them running. However, batteries, as traditional power sources, require 

frequent replacing or recharging, and do not scale down easily with size and weight. Although 

battery technology itself has taken great strides in terms of environment-friendly materials and 

portability, their energy density remains insufficient to power these electronic gadgets without 

making them ungainly and bulky.[29,30] Thus, a more promising and sustainable way to power 

these ‘small-power’ electronic devices is by using ambient energy harvesting technologies. 

This can greatly supplement and extend the battery life, and can also solve the battery 
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replacement problem in challenging environments, such as those that may be difficult and/or 

expensive to access (e.g. sensors in off-shore oil rigs), or those embedded within building walls. 

Reliability and maintenance issues, as well as the cost and logistics of batteries, can be possibly 

mitigated by utilising energy harvesters to create autonomous self-powered 

systems.[23,25,31,32] These wearable energy harvester devices could also be deployed as 

power sources for wireless sensors, soft robotics, wearable electronics, or IoT 

applications.[23,33] For wearable appliances, such as wellness monitoring, health-related 

information is continuously gathered and transmitted via body-worn wireless sensors, such as 

GPS sensors, heart rate monitors, body movement monitors, and so forth.[32,34] These 

embedded wireless sensors also need to be fabricated at a lower cost so as to be integrated with 

current disposable medical devices.[34] Another key requirement of such sensors and their 

power sources is flexibility and conformability, in order to seamlessly be fitted onto skin or 

clothing, while affording minimal inconvenience to the user. Such concepts could be 

incorporated into ‘smart’ textiles that can generate power from human body heat and/or 

movements to power sensors within clothing for wireless physiological monitoring. The same 

concept in flexibility can be extended to other sensor applications to increase the usability of 

these devices, e.g. for deployment on curved surfaces or for flexibility in form factor.  

In this context, different energy harvesting technologies, as summarised in Table 2-1, have 

drawn enormous attention. Tapping into these alternative energy sources could potentially 

satisfy the high demand for remote sensing and monitoring systems in industrial processes, 

equipment and buildings, self-powered wireless electronics, as well as implantable and 

wearable devices, to name a few, which are currently powered by traditional batteries.[23,25,31] 

For large-scale applications, photovoltaic and electromagnetic technologies are commonly 

used to harvest energy and convert into electricity by virtue of their relatively high power 

output and high conversion efficiency. Nevertheless, they are difficult to be scaled down to the 

sub-millimetre scale. Other major constraints are the positioning and operation period owing 

to the requirement of a large working surface area, as well as the variation of light intensity in 

the case of photovoltaics. These make them incompatible with small, embedded, and/or indoor 
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devices. In this regard, harvesting energy from human body heat,[32,35–37] mechanical 

motion or vibrations,[23,38,39] or tribological interactions[40–42] has become one of the 

major research themes to reduce the battery dependence or requirement. With the help of these 

energy harvesting technologies, wireless sensor nodes for the operation of micro/nano-systems 

and IoT applications can be truly sustainable, maintenance-free, and self-powered.[40] More 

importantly, since these energy harvesters can be easily scaled down to the sub-millimetre scale, 

and can easily access ambient energy sources, in particular heat or vibrations, there are a large 

number of possible applications where the energy harvesting can provide a power source or 

battery life enhancement for sensors or low-power systems-on-chip (e.g. Bluetooth).[43] 

However, there exist some key barriers to market, such as the device durability and reliability, 

biocompatibility and comfortability, conformability and wearability, adequate power 

generation, as well as autonomous power management and energy storage systems.[32]  

2.2 Thermoelectric Energy Harvesting 

Harvesting thermal energy has drawn considerable interest, as there are abundant heat 

sources in the environment. Nonetheless, a major part of this is wasted as presented in Figure 

2.1 (a), viz., heat dissipated from exhausts, radiators and boilers, from chemical reactions in 

various industrial processes, from the combustion of fossil fuels in automobiles, from 

computers or moving parts in machineries, or even from human body, to name a few.[8,44] 

According to a U.S. Department of Energy report, an estimated ~60% of the energy consumed 

in the United States is lost to the environment in the form of heat.[8] Almost one third is wasted 

as low-grade heat (<100 oC), which renders the reuse of this waste heat increasingly 

indispensable.[8,45–47] Also, it is reported that an average adult human body dissipates 

~100 W of heat to the surroundings, with a body temperature maintained at ~37 °C.[9,48] Even 

a fraction of this lost heat could lead to substantial energy generation, especially for wearable 

devices operating at sub-microwatts of power. Thermoelectric generators (TEGs) based on 

thermoelectric (TE) materials are prime candidates for thermal energy harvesting due to their 

ability to directly convert ambient and ever-present waste heat into usable electrical energy by 
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utilising the Seebeck effect.[49] At the same time, TEGs can offer promising potential for 

cooling applications without using any refrigerant gas, but via the Peltier effect.[49] 

TEGs can be scaled to a variety of sizes to suit different applications, e.g. wearable devices 

with an area of 1-10 cm2 or industrial devices with an area of up to 100 cm2.[50] The market 

for flexible TEGs is significantly driven by the rapidly growing market in wireless sensor 

networks, autonomous systems, IoT devices, and wearable devices, which is predicted to 

increase by more than ten times over the next decade.[32] The power density requirement of a 

single sensor node is 10 μW/cm2, while the mesh networks of multiple sensors require 

100 μW/cm2.[50] Current-developed TEGs can potentially achieve a power level of 

sub-microwatts by harvesting body heat under a small temperature difference (ΔT) of ~2-10 oC 

between the ambient air.[9,48,50] As illustrated in Figure 2.1 (b), TEGs can therefore be 

potentially integrated as energy sources to ‘trickle charge’ low-power miniature sensors, by 

being implanted in clothing or worn as patches, which typically cover hotter regions of the 

body, such as wrists, arms, etc.[9,51] In this context, Chen and Wright have provided a great 

insight into endless possibilities offered by TEGs in powering wearable and implantable 

gadgets, bio-sensors, pacemakers, and other medical applications.[48] For TEGs that are to be 

‘worn’, a key technological challenge is making them lightweight, flexible, and even 

stretchable for the ergonomic convenience. Due to existing parasitic resistances that could 

deteriorate the performance of TEGs, as shown in Figure 2.1 (c), TEGs are required to be 

conformally attached onto various locations of the body so as to form better thermal contact 

with the skin. Thus, they need to be highly flexible, or even stretchable to create a steady-state 

heat flux flowing through them. Otherwise, most heat would be wasted through the skin and 

heatsink, leading to only a minimal ΔT across the TEG.[9] A large thermal resistance of TEG 

is desired to keep a possibly large and constant ΔT across it to generate a continuous power 

output.[32] Meanwhile, these wearable TEGs should be able to mechanically endure a wide 

range of dynamic motions that are carried out by the human body, e.g. bending, folding, 

twisting, or stretching.[52]  
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Table 2-1 Comparison of current renewable energy harvesting technologies from different energy sources, e.g. solar, thermal, mechanical, and 

magnetic energy.[31,53–59] 

Energy Type 
Power Density 

(mW/cm2) 
Pros Cons 

Potential 

Application 

Photovoltaic  0.001-100  

• Continuous DC power output 

• High power output and high efficiency 

• Abundant ambient light sources 

• No moving parts required, no noise or emissions 

• Mature technology and easy to scale up 

• High durability and long lifetime 

• Incompatible with embedded or indoor 

devices that have a low light intensity 

• Limited positioning and operation period 

• Incompatible with embedded /indoor devices 

• Difficult to scale down to micron-size  

• Require large surface working area  

Power stations, 

remote sensing and 

monitoring, wireless 

electronics, wearable 

devices, and 

spacecraft 

Thermoelectric  0.001-1 

• Continuous DC power output 

• Abundant ambient heat sources 

• Easy to scale down to micron-size 

• No moving parts required, no noise or emissions 

• High durability and long lifetime 

• Low power output and low efficiency 

• Require large temperature gradient 

• High material cost, complicated and costly 

fabrication processes 

Remote sensing and 

monitoring, wireless 

electronics, and 

wearable devices 

Piezoelectric  0.1-1 

• Abundant ambient vibration sources 

• Easy to scale down to micron-size 

• Mature technology and diverse applications  

• Broad working frequency and power ranges 

• Low and non-continuous AC power output 

• Most lead-based materials, expensive and 

complicated fabrication processes 

• Low durability and prone to fail during use 

Remote sensing and 

monitoring, wireless 

electronics, and 

wearable devices 

Triboelectric 0.1-10 

• High AC power output and high efficiency  

• Multiple working modes and easy to scale up 

• Low material cost and lightweight  

• Diverse choices of materials and applications 

• Non-continuous AC power output 

• Difficult to scale down to micron-size 

• Low durability and prone to fail during use 

• High matched impedance 

Remote sensing and 

monitoring, wireless 

electronics, and 

wearable devices 

Electromagnetic  10-100 

• High AC power output and high efficiency  

• Mature technology and easy to scale up 

• High durability and long lifetime 

• Limited positioning and operation period  

• Very difficult to scale down to micron-size 

• High material cost and heavyweight  

Power stations, 

remote sensing and 

monitoring  
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Figure 2.1 (a) Schematic showing potential applications of TEGs, ranging from industry to 

household applications. (b) Three types of wearable and wireless sensors that are powered by 

TEGs through human body heat. (c) Illustration of three types of parasitic resistances that can 

cause heat losses, thereby deteriorating the TE performance of TEGs. (Figure (b) reproduced 

with permission from [32]. Copyright 2015 Royal Society of Chemistry. Figure (c) reproduced 

with permission from [9]. Copyright 2016 RSC Publishing.)  
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2.3 Fundamentals of Thermoelectrics  

2.3.1 Thermoelectric Effect 

Thermoelectric effect, or thermoelectricity, is the result of the mutual interference of two 

irreversible processes occurring simultaneously in the system, i.e. heat transport and charge 

carrier transport.[60] They are usually described as below:[60] 

(i) Seebeck effect is the generation of a charge gradient when a temperature gradient is 

applied. As the high-energy carriers diffuse away from the hot end and produce entropy by 

drifting to the cold end, an electric field is created across a material. This effect can be used for 

the power generation (Figure 2.2 (a)).   

(ii)  Peltier effect is the converse of the Seebeck effect, where a temperature gradient 

across a material (absorption or production of heat on either side) is created due to an applied 

voltage difference. This effect can be used for the active refrigeration (Figure 2.2 (b)). 

(iii)  Thomson effect is a thermal effect where heat (Q) is absorbed or produced when 

electrical current (I) flows through in the presence of temperature gradient. (Figure 2.2 (c)) 

In a TE material, there are free electrons or holes that can carry both charge and heat. If a 

TE material is p-type, the free charges are positive. These positive carriers (holes, h+) will move 

from the heat source (hot surface) to the heat sink (cold surface), building up a positive potential 

on the cold side. If a TE material is n-type, the free charges are negative. These negative carriers 

(electrons, e-) will accumulate on the cold side, generating a negative potential. As illustrated 

in Figure 2.2 (a), a potential difference is formed across the TE material between the hot and 

cold side in two different ways. In this regard, TEGs are solid-state devices that can directly 

convert thermal energy into electricity based on the Seebeck effect. The simplest TEG 

comprises ‘legs’ of alternating p-type and n-type TE materials that are connected electrically 

in series and thermally in parallel, as demonstrated in Figure 2.2 (a).[10] 
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Figure 2.2 Schematic showing the operating principles of basic TE devices: (a) Seebeck effect 

for the power generation, (b) Peltier effect for the active refrigeration, and (c) Thomson effect. 

2.3.2 Thermoelectric Properties  

The TE performance of a material is governed by a combination of its intrinsic electrical 

and thermal properties: Seebeck coefficient, electrical conductivity, and thermal conductivity.  

Seebeck coefficient (S), also known as ‘thermopower’ (α), as defined in Equation 2-1, is 

the ratio of the voltage, ΔV, generated as a result of a temperature difference, ΔT, across a TE 

material.[1,61] The ΔV can be a positive or negative value, depending on whether the mobile 

charges are holes (p-type) or electrons (n-type).[60]  

Electrical conductivity (σ) is the conductance of a sample of a unit cross-section and unit 

length.[60] The resistance, R, can be calculated by Ohm’s law, and the electrical conductivity 

can then be calculated by Equation 2-2. Commonly used techniques to measure σ are the 

four-probe method (e.g. Van-der Pauw measurement) or measurements made via the 

development of field-effect transistors using the organic polymer as the active layers. With the 

advent of organic electronics, the techniques and instruments used to measure σ in organic 

polymers are becoming significantly sophisticated.   
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Thermal conductivity (κ) is the rate of heat transfer through a unit area and thickness of a 

material induced by a unit temperature gradient in unit time.[61] The thermal conductivity can 

be measured by using a direct method as shown in Equation 2-3, or an indirect method as given 

in Equation 2-4.[62,63] There are two major measurement methods developed in the literature, 

which will be elaborated in Appendix A.1. (1) Steady-state method, which is based on forcing 

a constant heat flow through a material and measuring the steady-state temperature difference 

between two points separated a distance. (2) Transient method, which uses a time-varying 

current to heat the coil for extracting κ. The 3-ω method is a popular transient method. A 

periodic heat source is employed to generate a sinusoidal-varied heat wave traveling through 

two points separated a distance. The amplitude decay and phase shift of the heat wave are 

measured for the calculation of κ.[1] For a material, there are two mechanisms for the heat 

transport: (1) through the vibration of crystal lattices or individual atoms as the heat carrier 

(phonon) transport where phonons move from the high to low-temperature side across a 

material, and (2) through the charge carrier (electron) transport.[62] Therefore, the total thermal 

conductivity is comprised of two parts (see Equation 2-5 and Figure 2.3), where κl is 

independent from S and σ, and can be tuned without significantly affecting S and σ.[2,19,62]  

                     𝑆 = – 
Δ𝑉

Δ𝑇
 (2-1) 

                                                  𝜎 =    
𝐿

𝑅𝐴
 (2-2) 

                               𝜅 =  
𝑊 𝐿

𝐴 Δ𝑇
 (2-3) 

      𝜅 =  𝜌 𝑑 𝑠 (2-4) 

 𝜅 =  𝜅𝑙 + 𝜅𝑒  (2-5) 

where S is the Seebeck coefficient [V/K]; ΔV and ΔT are the voltage difference generated 

and the temperature gradient applied across a material, respectively; σ is the electrical 

conductivity [S/m]; L is the length between two ends [m]; R is the resistance [Ω]; A is the cross-

section area [m2]; κ is the total thermal conductivity [W/(m·K)]; W is the thermal power [W]; 

ρ is the mass density [kg/m3]; d is the thermal diffusivity [m2/s]; s is the specific heat capacity 

[J/(kg·K)]; κl is the lattice contribution; and κe is the electronic contribution.[2,61–64] 
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Figure 2.3. The trade-off between S, σ, and κ with increasing free carrier concentration, from 

the insulator to semiconductor and metal. (Figure reproduced with permission from [2]. 

Copyright 2011 Annual Reviews.) 

2.3.3 Thermoelectric Performance  

To evaluate the potential TE performance i.e. the conversion efficiency of a TE material 

in converting thermal to electrical energy (or vice versa) at a given operating temperature, the 

dimensionless figure of merit (ZT) and power factor (PF) are usually used as major criteria, as 

defined in Equations 2-6 and 2-7, respectively.[10,62,65] The ZT value of a good TE material 

therefore needs to be maximised by appropriately tuning S, σ, and κ, thereby achieving a high 

S to ensure a high voltage output at a given ΔT, a high σ to minimise the Joule heating, and a 

low κ to prevent the thermal shorting.[66] However, as illustrated in above Figure 2.3, 

increasing σ generally leads to a decrease of S and an increase of κ. Therefore, it is necessary 

to overcome the trade-off between these variables and to predict the optimised balance for the 

maximum overall material efficiency.[49,62] In the absence of thermal conductivity data, PF 

is often used as an alternative way to evaluate TE materials. TE materials with higher PF values 

can convert more heat into electricity. Increasing the PF value has been recognised as a key 

strategy in optimising the ZT value, particularly in the case of organic TE materials whose κ 

values are intrinsically low.[65] The maximum device efficiency (ƞmax) of a TEG is determined 

by both ZT and the temperature gradient, as expressed in Equation 2-8.[1]  
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                      𝑍𝑇 =  
𝑆2𝜎

𝜅
𝑇 (2-6) 

    PF =  𝑆2𝜎 (2-7) 

𝜂max =  
𝑇h − 𝑇c

𝑇h

√1 + 𝑍𝑇m − 1

√1 + 𝑍𝑇m + 𝑇c/𝑇h

 
 

(2-8) 

where ZT is the figure of merit; PF is the power factor [μW/(m·K2)]; S is the Seebeck 

coefficient [V/K]; 𝜎  is the electrical conductivity [S/m]; κ is the thermal conductivity 

[W/(m·K)]; T is the temperature [K]; ƞmax is the maximum device efficiency; ZTm is the average 

ZT; Th and Tc are the temperature values of the hot and cold surface, respectively. 

2.4 Thermoelectric Materials 

2.4.1 Inorganic Thermoelectric Materials 

As of now, most well-established inorganic TE materials are typically metallic alloys, 

semiconductors, or heavily doped metal oxides.[6,67–69] As can be seen from Figure 2.4, bulk 

layered structured chalcogenides, e.g. bismuth telluride (Bi2Te3), antimony telluride (Sb2Te3), 

and their doped alloys, are well-known as the best TE materials near room temperature with 

peak ZT values of more than 1.4, making them well-suited for most near-room-temperature TE 

applications, such as refrigeration and waste heat recovery up to 200 °C.[6,44] They can be 

either n-type or p-type depending on the doping conditions,[70] and they share similar crystal 

structure with ‘Sb’ atoms occupying ‘Bi’ lattice sites.[71] By controlling the Bi/Te or 

Sb/Te ratio, their compositions can be controlled stoichiometrically.[71] Their TE properties 

can also be tuned by the doping process, which can affect the concentration and mobility of 

charge carriers.[61] It has been proved by both theoretical and experimental results that 

nanotechnology and quantum theory can be effective approaches to achieving greater 

ZT optimisation in nanostructured chalcogenides. For instance, their S can be improved via the 

band convergence through doping, strain, temperature, and forming solid solutions to increase 

the number of valley degeneracies, or via the quantum confinement effect through decreasing 
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the dimensionality of the material to nanometer length scales.[4,11,19,24,71,72] The 

energy-band structure of the material can also be engineered by doping semiconductors with 

resonant impurities to enhance the interaction between wavefunctions of impurities and free 

electrons, thereby leading to higher PF values on the whole.[1,31,73] Their κ values can be 

reduced by nanostructuring, hierarchical architecturing, or matrix with nano-precipitates.[31] 

Nanostructuring is capable of effectively tuning the contribution of thermal carriers (phonons) 

and charge carriers (electrons) within the system, by splitting the interdependence of the 

electrical and thermal transport (σ and κ).[3,4,19,74–76] Since the electronic contribution to κ 

in the inorganic semiconductors is substantially less than the phonon contribution (see 

Figure 2.3), the total κ is mostly dependent on the phonon scattering.[1] By introducing defects, 

phonons can get scattered within the lattice structure, which can largely decrease κl without 

affecting κe.[1] The phonon transport can also be scattered across the interfaces, where the 

multilayered structure can have a range of phonon scattering events.[1,77] Moreover, 

nanostructuring can provide greater surface area and more interfaces that can further lower κ, 

while not compromising S and σ by selectively scattering phonons and electrons to efficiently 

reduce κl,[1,49,71,78] as well as increasing the density of states near the Fermi 

level.[4,66,72,77] The quantum confinement effect in quantum dots,[79] in quantum wells,[7], 

and in superlattices within nanocomposites[80,81] can also selectively block the phonon 

transport to significantly reduce κ without affecting the electron transport or σ.[60,82,83]  

Apart from the traditional inorganic TE materials presented in Figure 2.4, recently 

developed tin selenide (SnSe) single crystals exhibited a very high ZT ~2.6 at 923 K.[84] SnSe 

is chemically and structurally akin to PbTe, but lighter.[73] SnSe has an unusual layered 

structure that derives from a three-dimensional distortion of the NaCl structure.[84] Owing to 

the lack of rare-earth or toxic component elements, SnSe has a promising prospect for practical 

use, and can be possessed with good reproducibility.[84,85] Other layered structured inorganic 

TE materials, such as TaS2, MoS2, and TiS2, are also being researched for the development of 

higher TE performance.[83]  
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In addition, oxides are another category of inorganic TE materials, such as p-type NaxCoO2 

and n-type doped SrTiO3 or CaMnO3 perovskites, doped ZnO, or doped In2O3 bixbyite.[86] 

Not only do these oxides possess excellent chemical stability in air and even at elevated 

temperature, they also constitute cheap, abundant and harmless elements, which make them 

appealing for a variety of applications. However, their ZT values remain limited to 0.4-0.6 at 

higher temperatures.[86] Other inorganic TE material systems, e.g. half-Heusler MgAgSb 

alloys, skutterudites, and clathrates, have been developed with ultra-low thermal conductivity 

by introducing mixed-lattice atoms and/or complex intermetallic phases to increase the disorder 

in the lattice of bulk materials, thereby enhancing their final TE properties.[87] 

 

Figure 2.4 Comparison of ZT values of various current-developed or being-developed 

(a) n-type and (b) p-type inorganic TE materials as a function of the operating temperature, 

where most of them are metallic alloys with different dopants. (Figures reproduced with 

permission from [6]. Copyright 2008 Springer Nature.)   

2.4.2 Organic Thermoelectric Materials 

Organic TE materials, such as conjugated polymers, coordination polymers, and 

fullerene-based polymers, have been researched in great detail over the years. Despite lower 

ZT values of existing organic TE materials, their inherent advantages, e.g. light-weight, 

non-toxicity, low-cost, biocompatible nature, earth-abundant elements, solution processability, 

excellent mechanical flexibility and even stretchability, as well as chemically tunability with 

inherently low κ [(typically < 1 W/(m·K)], are beneficial for various technological and 
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ecological applications.[10,16,26,49,75,83,88–91] Also, there have been great advances in 

polymer processing techniques, which make large-scale production of printed organic-based 

electronics feasible and inexpensive by using low-temperature and scalable solution-based 

fabrication approaches as well as large-area printing techniques.[8,10,26,75,88,89] 

Nevertheless, the development of organic TE polymers is still in the initial stage. Compared to 

their inorganic counterparts, organic TE polymers possess comparatively lower PF and ZT 

values, which are far below the required level for practical applications. They are also 

constrained to deployment in lower-temperature applications because of the nature of 

polymers.[10,26,49,75,89–91] Table 2-2 summaries and compares some current-reported 

organic TE polymers in the literature. It can be seen that most organic TE polymers are 

conjugated polymers with extended π-conjugation along the molecular backbone. They are 

conductive due to the charge delocalisation across the polymer backbone, and their σ can be 

improved from a semiconducting state to a metallic state by doping.[92,93] Since 

as-synthesised organic TE polymers are comparatively insulating owing to their relatively wide 

bandgaps, doping is often required to enhance their σ. However, their S could be deteriorated 

with increasing amount of doping agents, because the increased concentration of charge carrier 

forces the Fermi energy level to the conduction band, which substantially diminishes the energy 

required to transport charge carriers. Appropriate doping level is therefore needed to 

synergetically improve both σ and S, thereby optimising their final PF.[77] On top of that, since 

their TE properties depend on their chemical structures and microstructures, doping and de-

doping, surface treatment, as well as morphological control of the crystallinity and alignment 

of polymer chains are effective approaches to the partial decoupling of S, σ, and κ in order to 

maximise the overall ZT value.[10,83,94] 

Among the most recently reported TE polymers, p-type poly(3,4-ethylene dioxythiophene) 

polystyrene sulfonate (PEDOT:PSS) has been shown to possess one of the highest TE 

performance capabilities, with a record-high ZT value of 0.42 at room temperature, as reported 

by Kim et al.[93] However, this has not been successfully replicated by other groups yet. 

PEDOT:PSS is one of the most well-researched and commercially used conducting polymers 
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by virtue of its low cost, ease of large-volume and/or large-area printed organic electronic 

manufacturing, and excellent environmental stability.[25,49,95,96] In comparison, several 

other conjugated polymers still remain at the laboratory research stage, and are limited to the 

small-scale use owing to their high cost and low yield in material production.[95] PEDOT:PSS 

is a polymer mixture of two ionomers: poly(3,4-ethylenedioxythiophene) (PEDOT) and 

polystyrene sulfonate (PSS). PEDOT is a conjugated polymer and carries positive charges, 

where the thiophene group is neither soluble nor fusible, rendering the hydrophobicity and poor 

solvent solubility of PEDOT.[97] In order to obtain a stable PEDOT suspension within 

de-ionised (DI) water or other solvents that can be solution-possessed for the thin/thick film 

deposition, some small hydrophilic moleculars carrying negative charges, such as polystyrene 

sulfonate (PSS) or tosylate (Tos), are usually doped as external ions to compensate the positive 

charges on PEDOT to form a macromolecular salt.[97] The excess hydrophilic PSS moleculars 

also form a shell-like structure surrounding the hydrophobic PEDOT clusters to prevent 

PEDOT from polymerising over time.[93,95] However, due to the insulating nature of PPS 

deteriorating σ of PEDOT, a de-doping process is desired on the deposited and cured 

PEDOT:PSS film to remove some of the insulating PSS molecules from the conducting 

PEDOT chains. As a result, better electrical contacts and enhanced transport of charge carrier 

are formed between neighbouring PEDOT chains by a hopping mechanism.[97,98] Various 

surface treatments or chemical treatments have been intensively reported in the literature to 

de-dope the insulating PSS molecules from the PEDOT:PSS.[89,93,99,100]  

Apart from conjugated polymers, coordination polymers and fullerene-based polymers can 

be doped to exhibit n-type behaviour. Coordination polymers are comprised of metal cations 

and organic ligands with coordination bonds. Among current-developed n-type TE polymers, 

poly(nickel-ethylene tetrathiolate) (poly(Ni-ett)) presented the highest ZT value of 0.32 at a 

temperature of 400 K.[101] Nonetheless, it has fairly low dispersibility and is quite difficult to 

be processed in solution form, which severely restricts its applications. Up till now, most TE 

polymers and their corresponding TE composites are p-type. This mainly stems from problems 

of poor stability in air as well as low TE performance of n-type TE polymers. This has 
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significantly hindered the development of wearable TEGs.[83] Therefore, further efforts are 

urgently needed to develop high-performance and stable n-type TE polymers so that 

high-efficient TEGs with n-p junctions can be achieved.[102]  

2.4.3 Carbon-based Thermoelectric Materials 

Low-dimensional carbon-based materials, such as one-dimensional (1D) carbon nanotubes 

(CNTs) and two-dimensional (2D) graphene platelets, have been successfully introduced as 

effective additives to dramatically increase σ of formed polymer-based composites without 

decreasing their S.[88,103–105] For example, CNTs could be incorporated with TE polymers, 

e.g. P3HT [106] or PEDOT:PSS [88,107,108], to enhance their final σ. The record-high PF 

value was achieved by Cho et al., where the PANI/graphene-PEDOT:PSS/PANI/CNTs-

PEDOT:PSS nanocomposite exhibited a PF value of 2710 µW/(m·K2), with S ~120 µV/K and 

σ ~1900 S/cm.[46] In the composite system, CNTs provided a network for conducting charges 

while the polymer matrix thermally disconnected contacts between junctions.[16,109] It has 

shown that varying the loading ratio of CNTs within the PEDOT:PSS/CNTs composite has a 

significant influence on the improvement of S and σ, compared to the single-phase PEDOT:PSS 

films and CNTs bundles.[110] Additionally, the formation of numerous tube–tube connections 

and CNTs/polymer interfaces could scatter phonons and result in lower κ, and thus higher ZT 

value.[88,109] CNTs are intrinsically ambipolar that can be doped to n- or p-type without 

affecting their σ. They can also have higher charge carrier mobilities in networks, but reduced 

κ. CNTs are likely to exhibit p-type conduction due to the oxygen doping when exposed to 

air.[111] CNTs also possess superior mechanical and chemical robustness, leading to those 

formed composites being flexible and stretchable with superior tensile strength.[110] However, 

directly printing these materials can be very tricky because of the challenges involved in the 

ink preparation, such as functionalising the dispersed particles or nanotubes to form a stable 

suspension, achieving uniform particle size distribution, and tuning their viscosity for smooth 

printing by using the desired printing technique.[8,32,112]   
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Table 2-2 Comparison of existing organic thermoelectric polymers reported in the literature. 

Type Material Structure 
S  

(µV/K) 

σ  

(S/cm) 

κ  

[W/(m·K)] 

PF  

[µW/(m·K2)] 
Ref. 

p-type 

PEDOT:PSS 

 

70 980 0.23 469 [93] 

PBTTT 

 

9.4 220000 − 1944 [113] 

PANI 
 

220 20 − 11 [114] 

P3HT 

 

60 22 − 8 [115] 

PPy 
 

10.5 340 − 2 [116] 

n-type 

PPV 
 

-349 47 0.25 78 [117] 

PDI 

 

-167 0.5 − 1.4 [118] 

P(NDIOD-T2) 

 

-850 0.008 − 0.6 [119] 

PA 
 

-43.5 5 − 1 [120] 

C60 

 

-175 4 − 12 [121] 

KxC70 − -22.5 550 − 28 [122] 

Poly(Ni-ett) 
 

-130 270 0.50 453 [101] 

Note: PEDOT:PSS = poly(3,4-ethylene dioxythiophene) polystyrene sulfonate, PBTTT = 

poly(2,5-bis(3-alkylthiophen-2-yl)thieno[3,2-b]thiophene), PANI = polyaniline, P3HT = 

poly(3-hexylthiophene), PPy = polypyrrole, PPV = poly(p-phenylene vinylene), PDI = 

perylene diimide, P(NDIOD-T2) = poly{N,N′-bis(2-octyl-dodecyl)-1,4,5,8-napthalene 

dicarboximide-2,6-diyl]-alt- 5,5′-(2,2′-bithiophene)}, PA = polyacetylene, Poly(Ni-ett) = 

poly(nickel-ethylene tetrathiolate).     
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2.4.4 Hybrid Thermoelectric Nanocomposites  

In principle, an ideal TE material should be a thermal insulator and electrical conductor, 

i.e. ‘phonon-glass electron-crystal’ which has shorter phonon mean free paths for reduced κ 

and longer electron mean free paths for increased σ.[49] In this respect, a hybrid 

organic-inorganic composite structure might overcome some of the difficulties associated with 

single-component counterparts, and the ability to print them on flexible substrates is a 

particularly attractive feature.[4,25–27] The inorganic-organic composite system can be simply 

prepared by solution blending of polymers and inorganic materials, where the polymeric 

matrices can be insulating or conducting while the loaded additives can be a variety of 

inorganic nano-fillers, such as metallic alloys,[19,123–125] noble metals,[74] metal 

oxides,[126] or carbon nanostructures.[88,103–106] The TE performance of the composite is 

dependent on the properties of constituents and interfaces between them. If both components 

are active TE materials, being either all p-type or n-type, they could work synergistically to 

enhance the overall ZT.[92] However, if they are of opposing carrier types, the carrier 

behaviour of the blended composite could exhibit either p-type or n-type, depending on the 

loading ratio of constituents.[19,92] In this regard, an n-type composite can be produced by 

blending cost-effective insulating polymers with n-type TE materials. However, the problem is 

that they are prone to having fairly low σ and PF, owing to the intrinsic insulating 

matrix.[74,127] Hence, it is viable to achieve much greater improvement in the ZT value by 

employing conducting polymers as matrices with various nanostructured inclusions and 

concentrations.[16] Although conducting polymers still have relatively lower S and σ compared 

with their inorganic counterparts, the overall ZT of the composite can be modified by varying 

the loading ratio between organic and inorganic parts to overcome the constraints of 

single-component materials.[1,5,19,92] More importantly, in combination with the intrinsically 

low-κ polymeric matrix, the introduced phonon-boundary scattering and the large thermal 

boundary resistance at the interfaces can synergistically hinder the thermal transport, thereby 

further lowering κ of the composite.[3,4,19,49,74,75] The embedded nanoparticles can also 

create more interfaces and grain boundaries within the nanocomposite structure, which can 
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effectively improve the selective phonon scattering and the energy filtering effect at the 

interfaces.[31,83,123] Therefore, κ could be remarkably reduced without adversely affecting S 

and σ, thus leading to greater ZT values as a whole than that can be achieved in the bulk.[19] 

It is found that the highest PF is not generated by either the highest S or highest σ, but by 

the moderately high σ of 1000-2000 S/cm and high S of 100-200 μV/K with a carrier 

concentration of ~1025 m-3 (see Figure 2.3).[49,71] The Fermi levels of inorganic 

nanostructures and organic polymers should be matched to lower the energy barrier for charge 

carriers travelling between different phases.[19,92] Thus, by the hybridisation of higher-PF 

inorganic TE materials, such as Bi2Te3 and Sb2Te3, with conducting polymers, such as 

PEDOT:PSS, P3HT, and PANI, the overall ZT value of the fabricated composite could be 

greatly enhanced.[19,25,123–125,128] However, introducing inorganic particles could also 

deteriorate the overall σ. This could stem from the poor connectivity between the inserted 

inorganic particles and the polymer matrix, which is a problem that needs to be addressed in 

order to achieve improved TE performance.[19,25,123–125,128–130] Therefore, the properties 

of TE composites can be further improved by optimising the material selection, composite 

formation, and device fabrication.[1,92] Apart from the improvement of TE performance, 

organic polymers can also serve as a protective matrix for the embedded inorganic particles.[19] 

Since polymers have greater mechanical flexibility, lighter weight, and excellent solution 

processing feasibility, organic-based TE composites can address some issues that their 

inorganic counterparts have,[10] and they can be integrated with high-volume manufacturing 

of printed organic electronics.[25] Both experimental and theoretical results have proved that 

nanocomposite structuring method can be an effective approach to splitting the 

interdependence of electrical and thermal transport, thereby tuning the contribution of charge 

carriers (electrons) and thermal carriers (phonons) in the system.[3,4,11,19,24,72,74–76]   
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2.5 Thermoelectric Generators 

A thermoelectric generator (TEG) is a solid-state device. As illustrated in Figure 2.5 (a), a 

basic TEG is comprised of two TE legs, one p-type and one n-type, which are electrically 

connected in series and thermally connected in parallel. Typically, a TEG module is constructed 

of many pairs of alternating p–n TE legs placed in parallel to each other and sandwiched 

between two ceramic plates to maximise the final power output (see Figure 2.5 (b)).[131] The 

substrates employed here are required to be efficiently thermally conducting but electrically 

insulating, while metal interconnects should have low contact resistance. In the presence of a 

temperature gradient, the maximum power output can be optimised by impedance matching 

with an external load resistance.[131] From the literature, it is found that most current 

thermoelectrics research has focused on the material discovery and the development of 

enhancing the thermal-to-electrical energy conversion efficiency, i.e. PF and ZT. However, 

there are few efforts on the device physics level, from the contact-making to the assembly of 

the TEG module.[1] At present, traditional bulk TEGs are not yet mass-produced at low 

material and manufacturing cost. This mainly stems from the scarcity and high cost (‘Te’ 

rare-earth element), environmental hazard and toxicity (‘Pb’ element), intrinsic brittleness, and 

poor processability of currently utilised inorganic TE materials,[10] as well as the technical 

limitations of current joining and assembling technologies.[49] Existing manufacturing 

techniques consist of highly sophisticated processes, from the powder formulation, 

consolidation and metallisation, pellet machining, to the final module assembly, which are 

labour intensive, unscalable, and unsustainable with excessively large material wastage.[132] 

These bulky TEGs are also prone to delamination when bent during use, which has 

considerably reduced their usable strain levels. As a result, their applications in modern power 

generator devices are constrained, especially for integration into flexible and wearable 

devices.[11,12] Moreover, existing joining and assembling technologies largely constrain the 

device size to ~25 cm2, resulting in only niche applications.[49] For the future of this 

technology, it is paramount to develop higher-performance and lower-cost TEGs, which can be 
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manufactured at a large scale and be incorporated into a variety of geometry designs. Their TE 

materials could be synthesised by scalable and inexpensive wet-chemical methods into various 

nanostructured dimensions, allowing for microscale additive manufacturing techniques and 

offering the scope for miniaturisation of flexible TE devices for small-scale energy harvesting 

technologies.[8,24,133,134] 

TEGs can be easily scaled down to micron-size with minimal maintenance and no moving 

parts.[11] There thus has been tremendous interest in the development of high-performance, 

flexible, conformable, and even stretchable TEGs to enhance the capability and lifetime of 

self-powered electronic devices, as well as to power wireless sensors, wearable technology 

gadgets, and extreme weather clothing from human body heat.[9,11,12,37,92] As discussed in 

Table 2-3, printed flexible TEGs can address most issues that their bulky counterparts normally 

have. The challenge, involving the fabrication and assembly of several individual TE legs into 

one whole module with reduced material wastage as well as less solder material usage, can be 

ideally overcome by adopting additive manufacture routes.[1] The flexibility and stretchability 

of TEGs can be remarkably improved by applying some innovative geometrical architectures. 

For instance, Figure 2.5 (c) presents one of the most intensively used planar designs in the 

literature, where a polyimide (PI) substrate that is flexible and thermally stable at elevated 

temperature with a high thermal resistance is utilised. Since it is comparatively difficult to 

obtain a thicker film (˃100 μm) by most printing techniques, the inherent in-plane structure 

can be converted to an out-of-plane structure with multiple TEGs stacking up together so as to 

extract more electric power for practical use, where the heat flow direction is parallel to the 

plane of printed TE materials and substrates (see Figure 2.5 (c)).[134] These polymer-based 

flexible TEGs can be achieved by solution-based processing approaches in combination with 

printing or painting techniques, which are low-cost, scalable, and continuous production 

processes with minimal material wastage and human interaction.[10,50,94,131] Although these 

polymer-based TEGs would be limited to a low-temperature operation environment due to the 

thermal stability of organic TE materials, concerning wearable applications, this is not a major 

issue.[92,135] Meanwhile, a higher PF or ZT value is not the only thing that should be aimed 
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for, but a lower κ value is also required to maintain a constant ΔT across the TEG so as to 

generate a continuous electrical output during use. Also, using expensive inorganic TE 

materials to harvest thermal energy is fairly impractical. Hence, all these factors have drawn 

significant interest in developing high-efficiency, scalable, inexpensive, flexible, and even 

stretchable polymer-based TEGs.  

 

 

Figure 2.5 Schematic diagrams of (a) a basic TEG with two TE legs and (b) a TEG module 

connected with a series of TE legs. (c) Design diagram of a novel structure for flexible TEG 

applications.  
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Table 2-3 Comparison of traditional bulk TEGs with printed flexible TEGs.[50,95] 

Traditional Bulk TEGs Printed Flexible TEGs 

Rigid and brittle Flexible and bendable 

Small size only < 40 cm2 Customised sizes and shapes 

Thick (~5 mm) and fixed module design Thin (~200 µm) and flexible module design 

Complicated manufacture processes Easily scalable to a large area 

Materials wasting and costly to manufacture Material saving and low cost to manufacture 

Harmful material exposure and maybe toxic Safe and non-toxic materials used 

Higher efficiency and power output  Lower efficiency and power output 

Higher-grade temperature applications, e.g. 

industrial or automobile energy recovery  

Lower-grade temperature applications, e.g. 

wireless electronics and wearable devices 

 

2.6 Microscale Additive Manufacturing Routes 

Microscale additive manufacturing routes, in particular printing techniques, are intensively 

used for nanomaterial deposition with specific design patterns. Not only can they fully utilise 

materials with minimal wastage, but they also provide high-precision and large-area material 

deposition on a variety of substrates, with the help of digital design software.[136] These 

processing routes can therefore be exploited to translate functional nanomaterials, typically in 

the form of nanoparticulate inks, into working energy harvesters or sensors with greater 

conformability, flexibility, and efficiency in energy harvesting or sensing for ‘small-power’ 

applications. Here, the author discusses several representative printing techniques that are 

widely used in the TE material deposition, which are drop-on-demand, maskless, easy in their 

operation, cost-effective and scalable, and thus ideally suited for this purpose. Their pros and 

cons are subsequently discussed in Table 2-4. In addition, these printing techniques can 

themselves be part of the material optimisation process, leading to better TE properties. Thin 

or thick film-based TEGs can be cheaply and quickly printed in the form of fully organic, fully 

inorganic, or even hybrid composite structures. Some printed organic-inorganic TE composites 

have been shown to improve the overall ZT or PF, as summarised in Table 2-5. 



Chapter 2.   Background and Theory                                                    31 

 

2.6.1 Printing Techniques 

(i) Ink-jet Printing 

Ink-jet printing possesses many strengths over other sophisticated deposition methods due 

to its scalability, simplicity, and cost-effectiveness. As demonstrated in Figure 2.6 (a), there are 

two modes of ink-jet printing: continuous and drop-on-demand. In continuous mode, inks 

supplied from a cartridge are charged by an electrode, and subsequently deflected by an 

electrostatic field when flowing through the nozzle to be jetted onto the substrate. In the 

drop-on-demand mode, the pressure is applied to the reservoir, through vaporisation or 

vibration methods, to propel the ink through an orifice of the nozzle. The formed fine droplets 

are then ejected onto the substrate. A computer numerical control system is used to precisely 

control the material deposition path for obtaining desired patterns. By tuning the printing speed 

and applied propelling force, the printed film thickness can be well controlled.[137] 

Ink-jet printing has a high degree of design freedom to easily modify the pattern design and 

direct-write features down to 4 µm.[137] Nonetheless, it may take very long processing time 

for the large feature printing. The required ink viscosity is as low as 10-40 cP with Newtonian 

behaviour,[138] and only fairly fine particles are viable to be printed owing to the size 

limitation of the nozzle orifice.[137] These ink requirements place restrictions on the 

compatibility in certain cases. In this regard, organic-based or chalcogenide-based inorganic 

inks with similar rheological properties can be applicable in the ink-jet printing.[94] This has 

been demonstrated in a number of studies that different inks comprising fully organic polymer-

based,[126] fully inorganic chalcogenide-based,[139–141] fully graphene-based,[142] or their 

hybrid composites,[126,127] have been successfully printed into either thin or thick films by 

the ink-jet printing technique. 

(ii) Screen Printing 

Screen printing is the most popular technology in the field of functional printing. For 

example, it has been proved to be the most efficient and successful way to print large-size TEGs 

by virtue of the scalability, simplicity, and versatility of its printing process.[143] During 
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printing, a ‘paste’  is pushed down by the force from a rubber squeegee through a porous 

screen mask with fine mesh openings, as illustrated in Figure 2.6 (b). Then, it is transferred and 

coated onto the substrate with pre-designed emulsion patterns. The screen is generally 

positioned ~1 mm away from the substrate with the paste placing on top of the screen. A stencil 

is placed underneath the screen for patterning, and different stencils are created for different 

designed patterns.[143] Once the squeegee finishes passing over the screen, the screen will 

subsequently return to its original shape.[137] The printing resolution can be down to 20-50 µm 

with a printed film thickness of 10-30 µm, depending on the mesh size and the emulsion 

thickness of the screen.[137] Inks or pastes with a high viscosity range of 10000-20000 cP as 

well as with non-Newtonian and viscoelastic behaviour are ideal for the screen printing.[137] 

Also, binders and surfactants are often employed for the ink formulation to achieve a lower 

surface tension so that the deposited films can have strong adhesion to the substrate. Ideally, 

the added binder and surfactants should be burned out, as they could have a detrimental effect 

on the performance of printed films.[143] Various particle sizes, ranging from sub-microns to 

hundreds of microns, can be easily printed via different deployed mesh geometries. If a thicker 

film is desired, multiple prints can easily build up the film thickness into a 3D structure. A good 

alignment accuracy of the stencil is required to maintain the printed feature size. As 

demonstrated by Søndergaard et al., screen printing can be combined with the roll-to-roll 

processing for fast, low-cost, and large-area mass production of PEDOT:PSS polymer films.[20] 

It is reported that both fully organic [144] and inorganic [145–154] inks can be successfully 

printed, and chalcogenide-based composites are also achievable with enhanced TE properties 

via the screen printing technique.[35,128] However, there exist some weaknesses that largely 

constrain their applicability, such as low printing resolution and large material waste. Moreover, 

due to the possibility of delaminating and pulling of the previous prints when printing several 

overlapped layers, the snap-off distance, squeegee speed, and squeegee pressure must be 

optimised.[143] A careful post-process clean-up on the screen is also required to avoid the mesh 

clog and film contamination for the next use. 
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(iii) Dispenser Printing 

Dispenser printing can directly create the desired design feature in the form of a 2D film 

or 3D bulk structure, where the inks with a viscosity ranging from 100-10000 cP and with 

non-Newtonian and viscoelastic behaviour are suitable for use here.[155] As presented in 

Figure 2.6 (c), the ink is ejected through the nozzle via a computer-controlled pneumatic system, 

and subsequently deposited onto the substrate with confined features. The printing pattern is 

pre-defined by computer-aided design software.[94] For practical applications, the aspect ratio 

of height to width is crucial for the TE leg. Achieving a film thickness up to several hundreds 

of microns is viable through some solution-based printing techniques, like screen printing, but 

higher than that, only the dispenser printing can achieve desired high-aspect-ratio arrays via its 

scalable multilayer printing process.[156] 3D structured TE legs are also feasible through the 

successive ink deposition by the dispenser printing presented by Cao et al., provided that the 

elasticity of the inks is high enough to maintain their structural integrity.[155] However, since 

the printing time of these 3D structures would be prolonged compared to their planar 

counterparts, it is currently limited only to the inorganic-based ink.[155] High performance 

dispenser-printed planar TEGs have also been achieved in combination with different 

chalcogenide-based composite structures on flexible substrates.[18,156,157] 

(iv) Aerosol-Jet Printing 

As summarised in Table 2-4, although aerosol-jet printing (AJP) is a relatively 

recent-developed printing technique compared to other printing toolboxes, it possesses more 

versatile features, in particular with regards to the ink compatibility and the printing resolution. 

The concept of the AJP technique is transferring functional inks directly on a substrate under 

the effect of confined airflow (see Figure 2.6 (d)).[138] The AJP technique is a promising 

direct-write deposition technique for developing next-generation flexible or even stretchable 

microscale electronic devices, since it enables large-area deposition of fine-scale features from 

a multitude of functional inks on various planar or non-planar substrates.[138,158] It has been 

widely applied in different research areas, ranging from bioelectronics,[138] sensors,[159] 
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flexible transistors and circuits,[160,161] batteries,[162] microfluidic devices,[163] to 

piezoelectric,[164] triboelectric,[165] and thermoelectric,[25,96,166] for energy harvesting 

and storage applications. Since the AJP technique offers several distinct advantages, it can 

potentially solve some critical problems of existing printing techniques as discussed below. 

(1) It can be installed with either a wide-area nozzle setting for high-volume prototyping 

production, or a fine-feature nozzle setting for high-resolution printing line production.[136] 

A very high-resolution layer-by-layer deposition can be obtained with a working area up to 

200 mm × 200 mm. The achievable fine-feature sizes are of the line width as small as ~10 µm, 

and the thickness down to ~100 nm. On the other hand, the maximum feature size can be 

~3 mm or even greater if using a wide nozzle print head setting.[136]   

(2) Micropatterning, masking, or sophisticated lithography processes are not needed, 

leading to the possibility of more efficient material usage as well as a high degree of design 

freedom.[138] This high-resolution controlled deposition process with minimal loss of material 

is also advantageous, when dealing with small quantities of expensive materials. On top of that, 

it is beneficial to the new ink material development, as it requires a fairly small amount of ink 

(~1 mL).[138] 

(3) As the AJP process is non-contact and conformal, functional inks can be directly 

transferred on various planar or non-planar substrates (either rigid or flexible) under the effect 

of confined airflow, with a high printing speed of up to 100 mm/s.[136,138] It also allows 

patterning over existing structures or printing high-resolution functional components directly 

on 2D or 3D surfaces, e.g. complex-geometry antennas and interconnects within printed circuit 

board applications.[136] This can promote a host of research and development applications, 

ranging from embedded flexible electronics to advanced biomedical devices. [136,167]  

(4) It supports two different atomisers that can accommodate functional inks over a wide 

range of viscosities, covering nanomaterial-based or biomaterial-based solution to 

polymer-based solvents, such as conductive metals, semiconductors, dielectrics, adhesives, and 
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polymers.[138] The acceptable particle sizes and shapes can be much larger and less uniform 

than other printing techniques, such as the ink-jet printing which requires very fine feature sizes. 

A recent work implemented by Saeidi‐Javash et al. demonstrated that the AJP technique could 

be used to print fully inorganic TE films onto a flexible substrate by using solution-processed 

Bi2Te2.7Se0.3 nanoplates as the ink.[166] 

(5) The dual ink sources and atomisers enable in situ mixing two different inks to form a 

composite structure, where the composition can be controlled by dynamically tuning the ink 

flow during the printing process.[25,96,159] For instance, Jing et al. employed the 

AJP technique to blend silver nanoparticles with polyimide to form conducting composite 

structures, which could be used as stretchable conducting wires or strain sensors.[159]   

 

Figure 2.6 Schematic diagrams of different microscale additive manufacturing techniques: 

(a) ink-jet printing with continuous mode or drop-on-demand mode, (b) screen printing, (c) 

dispenser printing, and (d) aerosol-jet printing.
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Table 2-4 Comparison of some major printing techniques with other deposition techniques reported in the literature.[136–138,143,155] 

Technique  Advantage Disadvantage 

Aerosol-Jet 

Printing 

• Minimal material waste and fast printing speed 

• Non-contact printing and no micropatterning needed 

• Wide ink viscosity range 1-1000 cP[138] 

• Printable on planar or non-planar substrates  

• Very high line resolution down to 10 µm[138] 

• Require multiple printing for thick and large-area films  

• Slightly complicated to implement (too many adjustable parameters) 

• Ease of clogging printer head with prolonged printing time  

• Less control of spreading issue with prolonged printing time 

• Large splatters form and affect feature resolutions with prolonged printing time 

Ink-jet 

Printing  

• Minimal material waste and fast printing speed 

• Non-contact printing and no micropatterning needed 

• Very high line resolution down to 4 µm[137]  

• Good control of spreading issue 

• Require very small ink viscosities 10-40 cP[138] 

• Only printable on planar substrates  

• Require multiple printing for thick and large-area films 

• Ease of clogging printer head with time  

Screen 

Printing 

• Low material waste and fast printing speed 

• Suitable for thick and large-area films  

• High line resolution down to 20-50 µm[137] 

• Micropatterning needed with minimal design flexibility 

• Require very large ink viscosities 10000-20000 cP[137] 

• Only printable on planar substrates and need careful post-process clean-up  

Dispenser 

Printing 

• Minimal material waste and no micropatterning needed 

• Non-contact printing on planar or non-planar substrates 

• Wide ink viscosity range 100-10000 cP[155] 

• Suitable for thick 3D structure printing  

• Low line resolution and slow printing speed 

• Less suitable for large-area films  

• Slightly complicated to implement  

• Ease of clogging printer head with time 

Spray 

Printing 

• Printable on planar or non-planar substrates 

• Suitable for thick and large-area films  

• Wide ink viscosity range and fast printing speed 

• Large material waste  

• Micropatterning needed with minimal design flexibility 

• Low line resolution and need careful post-process clean-up 

Drop 

Casting  

• Low material waste and wide ink viscosity range 

• Printable on planar or non-planar substrates  

• Cheap, fast, and easy to implement 

• Micropatterning needed with minimal design flexibility 

• Low line resolution and non-uniform in thickness 
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2.6.2 Other Deposition Techniques 

Other deposition techniques, such as doctor blading,[168] drop casting,[169] spin 

coating,[93], spray printing,[129] painting,[170] electrochemical deposition,[24] and 

sputtering,[171] are also intensively used in depositing and shaping thin and/or thick films onto 

flexible substrates. In particular for drop casting and spin coating, almost any imaginable 

combinations of inks and substrates are feasible, with fewer restrictions in terms of ink 

viscosity and rheological behaviour. These deposition approaches might be fast and cheap to 

fabricate larger-size films. However, they have less control of the feature resolution and 

uniformness. Micropatterning or masking is required to form specific film patterns, thereby 

resulting in lower design flexibility as well as considerably massive material waste.  

 

2.6.3 Design of Flexible Thermoelectric Generators 

In the literature, there are two different device designs for flexible TEGs. One design is a 

lateral layout that is printed in just one plane (2-D structure) with the in-plane thermal gradient 

parallel to the substrate (see Figures 2.7 (a) - (d)). This in-plane design is likely to have a 

smaller film thickness. Higher internal resistance is also seen in this design, which results in 

comparatively lower voltage and power outputs.[172] The other design is a vertical layout that 

is built up with a certain height in a 3D structure with the out-of-plane thermal gradient 

perpendicular to the substrate (see Figures 2.7 (e) and (f)). However, this out-of-plane design 

is prone to quick temperature equilibrium across the TEG due to the relatively shorter length 

of individual TE leg, and the resulting ΔT across the TEG is also low.[172] Meanwhile, since 

alternating n- and p-type TE legs are not easily obtained from the same printing method owing 

to the difficulty of possessing n-type organic TE materials, conductive metal interconnects, 

such as silver, are often employed to replace n-type legs for the final device fabrication. Since 

most TE materials, including organic TE polymers, require high-temperature sintering for the 

alloy formation or thermal treatment after the film deposition, the PI substrate is preferred by 

virtue of its good mechanical flexibility and excellent thermal stability (up to 450 oC), with 

inherently high thermal resistance.  
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For different printing methods, the required ink compositions and viscosities differ 

significantly to each other. In this context, printing inorganic TE materials can be very tricky 

because of the challenges involved in the ink preparation, such as functionalising the dispersed 

particles to form a stable suspension, achieving uniform size distribution of these particles, and 

tuning their viscosity for the smooth printing by using the desired printing technique. Printable 

inks or pastes with appropriate rheological behaviour should be optimised in advance, because 

the ink/paste formulation and the resulting printed film morphology are crucial for achieving 

higher TE properties, and thus higher power output.[8,32,112] Ideally, a good printing should 

result in continuous electrical contact and good thermal contact with uniform surfaces. 

Nonetheless, some printing pitfalls, e.g. poor wetting, overspray, edge thickening (i.e. coffee 

ring effect), or cracks, could be introduced in printed TE materials or electrodes during the 

printing process, drying and baking/curing processes, or flexing of substrates. These defects 

could result in electrical shorting or higher leg resistance, both of which could reduce the device 

power output. These printing issues could be solved by the modification of ink formulation, 

printing process control, or substrate surface energy engineering. Thus, a proper adoption of 

printing materials and methods according to the specific ink used is of vital importance for 

mass production with low cost and high process simplicity.  

Table 2-5 summarises some currently developed p-type and n-type TE composites which 

are fabricated by a variety of printing techniques as well as with different device designs. 

Different types of organic and inorganic TE materials have been mixed into inks or pastes 

(chalcogenide-based, carbon-based, and other hybrids) to ascertain their printability as well as 

final TE properties. It is found that most high-performance TE composites are p-type, while n-

type composites are rarely reported. This mostly stems from the lack of n-type organic TE 

polymers used as matrices, as previously discussed in Section 2.4.  
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Figure 2.7 Schematic diagrams showing some major types of currently developed flexible 

TEG designs, where (a), (b), (c), and (d) are with a lateral layout working with the in-plane 

thermal gradient (parallel to the substrate), while (e) and (f) are with a vertical layout working 

with the out-of-plane thermal gradient (perpendicular to the substrate). 
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Table 2-5 Comparison of printed thermoelectric composites with different design structures. 

Method Material 
S  

(μV/K) 

σ  

(S/cm) 

κ  

W/(m·K) 

PF  

μW/(m·K2) 
ZT Design  Ref. 

Aerosol-

Jet 

Printing 

Sb2Te3/PEDOT 33.8 247.3 − 28.3 − d [25] 

Sb2Te3/CNTs/PEDOT 29 496 − 41 − d [96] 

Ink-Jet 

Printing 

V2O5/PEDOT -350 0.16 0.68 2 0.001 a [126] 

Poly[Cux(Cu-ett)] /PVDF 41.0 5.1 − 0.9 − a [127] 

Poly[Kx(Ni-ett)] /PVDF -44.9 2.1 − 0.4 − a [127] 

Screen 

Printing 

Sb2Te3/epoxy 98 1500 1.48 1441 0.29 e [35] 

Bi2Te3/epoxy -145 650 1.25 1367 0.33 e [35] 

Sb2Te3/PEDOT 92.6 341 0.44 292.4 0.20 a [128] 

Bi2Te3/PEDOT -137.8 73 0.25 138.6 0.16 a [128] 

Dispenser 

Printing 

Sb2Te3/epoxy 160 63 0.24 160 0.19 a [157] 

Bi2Te3/epoxy -157 61 0.24 150 0.18 a [157] 

Bi2Te3/Se/epoxy -170 96 0.38 277 0.31 c [156] 

Te/PEDOT 115 215 0.22 284 0.39 c [18] 

Spray 

Printing 

Te/Bi2Te3/PEDOT 93.6 69.9 − 60.1 − c [129] 

Te/CNTs/PEDOT 118 139 − 206 − c [173] 

CNTs/P3HT 97 345 − 325 − c [174] 

Drop 

Casting 

p-Bi2Te3/PEDOT 150 60 − 130 − d [19] 

n-Bi2Te3/PEDOT -120 55 − 80 − d [19] 

SnSe/PEDOT 110 320 0.36 400 0.32 d [123] 

Te/PEDOT 163 19.3 0.23 70.9 0.10 d [175] 

CNTs/PEDOT 34 1350 − 160 − d [88] 

Graphene/PEDOT 14.6 71.7 − 1.5 − d [103] 

Bi2Te3/PANI 110 62.5 − 51 − d [124] 

Bi2S3/PANI -42.8 0.4 − 0.07 − d [130] 

Te/PANI 102 100 0.21 105 0.156 c [176] 

CNTs/PANI 61 610 − 220 − d [104] 

Graphene/PANI 26 814 − 55 − d [105] 

Bi2Te3/P3HT 118 4.5 − 6.3 − d [125] 

CNTs/P3HT 29 1100 − 95 − d [106] 

Note: The design type here corresponds with Figure 2.7. All these parameters are measured at 

the temperature of 300 K. PEDOT = PEDOT:PSS, PVDF = polyvinylidene fluoride.  
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2.7 Functionally Graded Thermoelectric Materials 

2.7.1 Functionally Graded Material Concept 

The functionally graded material (FGM) concept has been proposed to achieve favourable 

chemical, mechanical, magnetic, thermal, or electrical properties, by gradually tuning the 

chemical composition, microstructure, porosity/pore size of a material according to the spatial 

position along the material, as illustrated in Figure 2.8.[177] FGMs are inhomogeneous 

materials with gradually changing structures and continuous interfaces to replace sharp 

interfaces within traditional composites or layered structures, in which cracks and other forms 

of defects are likely to concentrate.[178] For the chemical composition-graded structure, the 

composite can be single-phased or multiple-phased materials, with a spatial gradation in the 

chemical composition, leading to a corresponding spatial variation in its properties. For the 

other two types, the variants are their microstructure grain size and porosity/pore size, 

respectively. FGM structure has been widely shown to achieve higher performance compared 

to that of monolithic structure in the literature.[179]  

 

Figure 2.8 Schematic diagram showing three types of FGM structure reported in the literature: 

(a) chemical composition graded, (b) microstructure graded, and (c) porosity/pore size graded. 

Concerning TE materials, numerous studies have been conducted on the enhancement of 

TE properties of single-phase TE materials, with relatively fewer studies on the development 

of hybrid composite structures, which have been shown to overcome some of the difficulties 

associated with single-phase materials.[12,15,25,26,96] Moreover, all TE materials suffer from 

a problem that their ZT or PF values often have a strong dependence on temperature. Although 

it is possible to provide alternative TE materials which overcome some known problems of 

traditional TE materials, there is still the issue that TE materials can only ever be efficient 

within a small temperature range because of the variation of ZT or PF with temperature, as 

shown in the temperature-dependent ZT values in Figures 2.4 and 2.9. This leads to a more 

serious and often overlooked issue, particularly when using a homogeneous single-phase TE 

material over a wide temperature range, without considering the position-dependent ZT or PF. 
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Consequently, this results in inefficient thermal-to-electrical energy conversion of current 

TEGs. This problem was, for the first time, considered in the work done by Ioffe et al.[180] 

The concept of functionally graded thermoelectric material (FG-TEMs) design was proposed 

with the use of existing inorganic TE materials, which could create more efficient TEGs with 

improved temperature bandwidth, energy conversion efficiency, and device lifetime, compared 

to that of their homogeneous counterparts.[28,179,181,182]  

FG-TEMs can be designed as segmented structures (e.g. segmentation, cascading, or 

staging [28]) or continuous graded structure along the temperature gradient of a TE leg to 

effectively achieve maximum TE performance at each position.[28] However, most research 

has been focused on the theoretical simulation with conventional inorganic TE materials, and 

few experimental results that verify the FG-TEM concept. Four major types of 

current-researched FG-TEMs: (1) material species-graded, (2) composition-graded, (3) dopant 

concentration-graded, and (4) microstructure-graded. The device configuration is dependent 

on material selection, joining technology, device fabrication, and their practical 

applications,[179] which will be further discussed in the following sections.  

The procedures to realise the FG-TEM concept are elaborated as follows: (1) deciding the 

working temperature range and temperature gradient for specific applications; (2) determining 

suitable segmented or continuous graded TE materials and joining technologies locally; 

(3) designing optimal TE leg dimensions, i.e. length and cross-sectional area of different 

segments; (4) assembling different segmented or continuous graded TE legs along the 

temperature and spatial gradient to maximise the power output; (5) modelling and measuring 

power output and energy conversion efficiency of the optimised TE legs, and thus TEGs.[178]  

 

2.7.2 Segmented Structures 

The segmented structure has been widely utilised to verify the FG-TEM concept by 

stacking together multiple dissimilar homogeneous materials with different TE properties to 

achieve a higher energy conversion efficiency over wider operating temperature ranges.[28] 

This design has been the most intensively used in the literature, as it can be easily fabricated 

with different TE materials having optimum ZT values at different operating temperature 

ranges. For instance, by combining the temperature-dependent ZT values with the spatially 
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varying temperature profile, as highlighted in the red line in Figure 2.9 (a), it allows the local 

selection of particular materials or compositions to optimise the performance and efficiency 

across the whole length of TEG.[28] A segmented FG-TEM can be physically joined with the 

required spatial arrangement, as schematically sketched in Figure 2.9 (a), which are composed 

of Bi2Te3 at the low-temperature range (˂520 K), PbTe at the medium temperature range 

(520 K - 870 K), and SiGe at the high-temperature range (˃870 K). A higher overall ZT value 

over the temperature range from 300 K up to 1300 K can be expected.[181] The augmented 

energy conversion efficiency is calculated to be 23.3%, which is twice of that for the 

single-phase material, e.g. SiGe.[179] However, this three-part segmented TEG has not been 

implemented yet due to electrical current matching issues.[28] One study reported how this 

configuration could be realised with a proper device design, but it has not been experimentally 

proved yet.[183] More research is hence needed to probe into the feasibility of segmented 

FG-TEMs, as summarised in Table 2-6, where material species-graded, composition-graded, 

dopant concentration-graded, and microstructure-graded structures can be applied to verify the 

usefulness of FG-TEM concept.  

For the material species-segmented TEG with multiple joints between completely 

dissimilar materials, such as p-type Bi2Te3–Zn4Sb3–CeFe4Sb12 or n-type Bi2Te3–CoSb3,[184] 

the diffusion/contamination phenomenon and degradation problems would arise inevitably 

because of the thermal fatigue, thermal shock, thermal expansion mismatch, and 

high-temperature corrosion at the interfaces.[28,179] These could have a detrimental effect on 

the device performance and lifetime owing to the device efficiency being lost at the interfaces 

and metal interconnects.[28,179] Therefore, it is paramount to select proper diffusion barrier, 

metallisation, and brazing materials in order to reduce the interface contact resistance while 

improving their mechanical stability.[179] The high flatness of the segment interface is also 

required to mitigate thermal degradation issues.[28] In comparison, composition-segmented 

TEG could avoid the problem of joining different material species. If a proper stepwise change 

of the composition, i.e. carrier concentration, is modified to fit with the temperature at each 

part along the ΔT, a twofold higher TE performance than that of its homogeneous counterparts 

could be expected.[179,182] Dopant concentration-graded[185] and microstructure-graded 

[186] structures are other alternatives for segmented TEG fabrication using similar TE 

materials. Nevertheless, they are less popular due to the difficulty of controlling dopant 

concentration or microstructure change with spatial precision. Therefore, they are not further 

discussed in this thesis.  
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One significant drawback of this segmented structure approach is the difficulty of 

connecting multiple dissimilar materials without the introduction of interconnects and 

interfaces that are prone to cracks or even delamination failure. This is mainly attributed to the 

thermo-mechanical stress accumulated at such interfaces in the presence of different thermal 

expansion coefficients during practical use. The introduction of such physical interfaces also 

reduces the overall electrical conductivity, which has a negative impact on TE performance. 

Additionally, elemental diffusion and contamination, especially at a higher temperature, could 

also significantly deteriorate the device performance and lifetime.[28,178,179,181,182,187] 

 With existing joining technologies and manufacturing processes, it is still quite 

challenging to assemble dissimilar TE segments without affecting their properties. As 

summarised in Table 2-6, the joints between dissimilar TE materials can be produced by 

pressureless sintering,[188,189] plasma activated sintering,[190] pulse discharge 

sintering,[191,192] hot pressing,[185,193,194] spark plasma sintering,[186] or other diffusion 

bonding techniques, according to the selected TE materials.  

 

Figure 2.9 (a) Comparison of temperature-dependent ZT values for various TE materials, 

where the red line indicates the principle of performance optimisation in FG-TEMs by stacking 

them according to their spatially varying temperature profiles with maximum ZT. 

(b) Cross-sectional view of the Czochralski pulled composition-graded sample Ge1−xSix 

(x = 0 to 0.25), and experimentally measured ZT values at three positions along the sample. 

(Figure (a) reproduced with permission from [181]. Copyright 2003 Elsevier. Figure (b) 

reproduced with permission from [195]. Copyright 2014 American Chemical Society.) 
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2.7.3 Continuous Structures 

On the other hand, continuous FG-TEMs can be made by progressively changing the 

composition, dopant concentration, or even microstructure along different regions of the TE 

material for performance enhancement, as discussed in Table 2-6. This continuous graded 

design can avoid interface problems, such as thermal misfit, chemical incompatibility, and 

diffusion/contamination issues. As presented in Figure 2.9 (b), composition-graded p-type 

Ge1−xSix sample was grown by the Czochralski pulling technique, where its compositions and 

Seebeck coefficient values were changed along the pulling direction of the sample, thereby 

increasing its ZT values over the whole temperature range.[195] Another example is where a 

progressive carrier concentration gradient was achieved in an n-type PbTe crystal by 

Czochralski crystal growth with varying dopant concentrations.[196,197] The peak ZT could 

be tuned by manipulating the amount of carrier concentration.[28]  

Graded microstructure (i.e. grain size) in the material can also lead to a gradual change of 

TE properties along its spatial distribution. Also, microstructure-graded TEM has shown to 

greatly mitigate the thermo-mechanical stress cracking to extend the device lifetime owing to 

its large thermal conductivity differences. Because the coarse grains can spread heat more 

quickly under the transient heating, their thermal stability is largely enhanced.[28,198]  

Although no additional interface is introduced between different regions in these 

continuous FG-TEMs, it has proven to be rather difficult to fully optimise the ZT values within 

specific temperature ranges studied. Meanwhile, it is challenging to control the diffusion of 

carriers through the TE material, in particular when used at elevated temperatures, which could 

substantially deteriorate the device performance and lifetime. Furthermore, the current research 

on continuous FG-TEMs is still at the proof-of-concept stage, and it is still doubtful whether 

they could be well controlled in the manufacturing process and utilised for practical TEG 

applications. 
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Table 2-6 Comparison of different types of functionally graded thermoelectric materials and generators developed in the literature. 

Type Material Graded  Configuration Joining technology 
Temperature 

range 
Ref. 

p-type 

PbTe / (PbTe)0.8–(SnTe)0.2 / (PbTe)0.6–(SnTe)0.4  Segmented Material species Pressureless sintering 25 – 467 oC [188] 

Bi2Te3 / FeSi2  Segmented Material species Plasma activated sintering 30 – 600 oC [190] 

AgSbTe2 / Sb2Te3 / Bi0.4Sb1.6Te3 Segmented Material species Pulse discharge sintering 27 – 427 oC [191] 

Pb0.9Sn0.1Te / Pb0.75Sn0.25Te / Pb0.5Sn0.5Te Segmented Composition Pressureless sintering 50 – 600 oC [189] 

Bi0.52Sb1.48Te3 / Bi0.5Sb1.5Te3 Segmented Composition Hot pressing 50 – 300 oC [193] 

Ge1−xSix  (x = 0 to 0.25)  Continuous Composition Czochralski crystal growth 50 – 600 oC [195] 

(PbTe)1−x(SnTe)x  (x = 0.11 to 0.25) Continuous Composition Bridgman crystal growth  25 – 350 oC [199] 

n-type 

Co0.92Ni0.08Sb2.96Te0.04 / Bi2Te3  Segmented Material species Pulse discharge sintering 32 – 612 oC [192] 

Bi2Te2.7Se0.3 / Bi2Te2.4Se0.6 / Bi2Te1.5Se1.5 Segmented Composition Hot pressing 50 – 300 oC [193] 

PbTe / Pb0.999Ti0.001Te Segmented Composition Hot pressing 50 – 500 oC [194] 

0.01% / 0.055% PbI2 doped  

(PbSn 0.05Te)0.92 (PbS)0.08 
Segmented Dopant concentration Hot pressing 50 – 500 °C [185] 

180 / 320 / 540 / 950 / 1400 nm grain size ZnO Segmented Microstructure Spark plasma sintering 127 – 577 oC [186] 

0.01% to 0.1% PbI2 doped PbTe Continuous Dopant concentration Czochralski crystal growth 50 – 450 oC [196] 

0.1% to 4% In doped PbTe Continuous Dopant concentration Czochralski crystal growth 50 – 600 oC [197] 

180 to 1200 nm grain size ZnO Continuous Microstructure Spark plasma sintering 100 – 400 oC [198] 
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2.8 Stretchable Thermoelectric Generators 

By incorporating a degree of stretchability, multi-functional electronics, like sensors and 

transistors, can be extended for various wearable and biomedical applications, where large 

mechanical deformation and stretching are experienced at asymmetric and non-planar surfaces, 

e.g. wrists and elbows of the human body.[200–202] This can also improve the reliability of 

some health-care parameter measurements via wearable and/or implantable sensing electronics, 

where it is a challenge for traditional rigid materials, such as silicon, owing to their intrinsic 

brittleness that largely constrains their ability to be bent or stretched during use.[203] 

Furthermore, in order to fit in future wearable electronic applications, innovative materials and 

device designs are required to make existing TE materials and TEGs stretchable so that they 

can be integrated into textile or fabrics for the low-grade waste heat harvesting from the human 

body, as well as for the battery-free operation of ‘small-power’ miniature devices.[49,50,74] 

The stretchability can also ensure TEGs conform to the human body (i.e. heat source) and form 

excellent thermal contact so as to create higher power outputs.[204]  

Considerable research efforts have been devoted to the achievement of stretchability in 

various functional electronic devices over the last decade.[205,206] However, due to the 

constraint of current TE materials and device structures, the advancement of stretchable TEGs 

still remains at an early stage. As summarised in Table 2-7, there are two mainstream 

approaches to achieving stretchable systems by modifying existing rigid and non-stretchable 

inorganic and organic materials.[203,206–208] This will be elaborated in the following section.  

2.8.1 Material Modification Approaches 

In the literature, the most facile and scalable means to design conducting stretchable 

materials is through embedding a variety of conductive fillers (either inorganic or organic) 

within the stretchable matrix of elastomers or soft materials to form soft and rubbery composite 

structures towards stretchable electronics.[203] Stretchable elastomers, such as rubber, latex, 

polyurethane (PU), poly(dimetylsiloxane) (PDMS), poly(styrene-ethylene/butylene-styrene) 

(SEBS), to name a few, can be employed as a stretchable supporting substrate or a stretchable 

encapsulant matrix. Among them, PDMS is widely used by virtue of its advantages of being 

inexpensive and biocompatible with excellent deformability and stretchability. PDMS is also 

easy to bond with other material layers if a multilayered structure is desired. The bonding 

interaction, as well as the elastic modulus difference between filler materials and elastomeric 
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encapsulants or substrates are essential factors to be considered. Huge differences in elastic 

modulus between hosting elastomers and embedded filler materials could result in highly 

concentrated stresses at the interfaces, thereby causing failure during operation.[206] Highly 

conducting metal-based or carbon-based nanomaterials, such as Ag,[201] CNTs,[209] or their 

composites,[210] are the commonly used conductive filler materials for the fabrication of 

stretchable conductors, which can be deployed as electrodes and/or interconnects for wearable 

devices.[211] Organic conducting polymers are also promising candidates as conductive fillers 

by virtue of their acceptable electrical conductivity and mechanical ductility.[207] Among them, 

PEDOT:PSS is the most researched conducting polymer, which has been intensively utilised 

for stretchable conductor or TEG applications.  

When it comes to the stretchable TEG fabrication, the material selection is restricted to a 

small category of conducting materials, as previously discussed in Section 2.4. Organic TE 

polymers, like conjugated polymers and coordination polymers, possess good thermoelectric 

and mechanical properties, they therefore have been used for the fabrication of stretchable TE 

composite. For example, p-type stretchable TE composites have been developed by solution 

blending of p-type PEDOT:PSS polymer with various elastomers, in particular with PU[212] 

and PDMS[211]. Also, as reported by Wan et al., n-type poly-nickel‐ethenetetrathiolates 

[Nax(Ni‐ett)n] polymer has been blended with PU to form a highly stretchable TE composite 

structure, which has demonstrated its potential as a self-powered wearable sensor.[213]  

As summarised in Table 2-7, chemical modification on organic TE polymers is one of the 

most researched approaches apart from the elastomer blending method discussed above. 

Although PEDOT:PPS exhibits the highest electrical conductivity among existing conducting 

polymers, it possesses very limited toughness and tear resistance as well as low elasticity and 

fracture strain (<5%) owing to its rigid conjugated backbone. In this regard, chemical 

modification is required to achieve mechanical stretchability.[200,212] For instance, Wang et al. 

proposed that the stretchability of PEDOT:PSS could be remarkably improved while 

maintaining excellent electrical conductivity, by doping with an optimum concentration of 

ionic additives as stretchability and electrical conductivity enhancers, e.g. Zonyl or Triton 

plasticisers.[200] Moreover, stretchable TE composites can also be developed by embedding 

high-performance inorganic TE materials within stretchable elastomers via solution blending 

or dip-coating methods,[214] or by forming TE thin films and transferring/coating them onto 

stretchable elastomers via different deposition or printing methods.[52] However, there still 
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exist some issues with inorganic TE materials due to their poor dispersion within the insulating 

elastomeric matrix as well as the difficulty of forming electrical connections between the 

inserted TE materials. 

2.8.2 Device Structure Modification Approaches 

Engineered stretchable geometries, such as helical or wavy shapes, that resemble the 

structure of a spring, can be another approach to realising stretchable TE materials and 

generators. From an engineering perspective, there should be no constraint on the TE material 

selection by this device structure modification approach, as the stretchability is ensured by the 

benefit of the architectural design rather than the material itself. The applied TE materials can 

range from rigid inorganic TE materials, particularly semiconductors or metallic alloys with 

excellent TE performance, to organic TE polymers. Stretchable structures can be achieved by 

geometrically patterning them into in-plane or out-of-plane wavy lines or buckled films via a 

variety of microscale additive manufacturing technologies, as described by Dang et al. in their 

review.[203]  

Considerable research efforts have been focused on stretchable electronic systems, which 

are comprised of islands of stiff electronic components being electrically connected by 

geometrically stretchable interconnects. They can be either fully encased within a stretchable 

elastomer substrate or free-standing without a supporting substrate. This stretchable 

architecture has been explored as the most effective strategy for the development of wearable 

electronics.[202,203,215] In this regard, stretchable TEGs can also be realised by making the 

interconnecting electrodes stretchable, such as introducing spiral-shaped[216] or 

origami-like[217] stretchable electrodes or using liquid alloys[218] to connect different rigid 

islands, while the main bulk of the TEG still remains rigid. The work of Rojas et al., as 

demonstrated in Figure 2.10 (a), is a good example of how the spiral-shaped stretchable TEGs 

can be developed to obtain an extra degree of freedom for the purpose of being a wearable 

power source.[216] Liquid alloys, like galinstan, were adopted as stretchable electrodes for the 

connection of individual inorganic TE legs, as described by Jeong et al. in Figure 2.10 (b).[218] 

Since liquid alloys do not require a special shape to be encased within a stretchable elastomer, 

they can be patterned easily via simple deposition processes. However, they are restricted to 

form short segments of wire, because the capillary force might induce fluid instabilities during 

stretching and deforming liquid metals.[219]    
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Another scheme to obtain stretchability is the deployment of extremely thin films of brittle 

inorganic TE materials that are coated or printed onto wavy or buckled stretchable substrates. 

As investigated by Kim et al., strain engineering is a simple and effective solution to produce 

geometrically stretchable TEGs.[220] The wrinkled or buckled substrate, as illustrated in 

Figure 2.10 (c), is formed by being pre-strained to a certain degree prior to the TE film 

deposition, in which the applied strain value indicates the stretchability limit of deposited TE 

films, after releasing the pre-strain from the substrate.[203,220] These deformations render 

rigid TE films to act like a rubber with significantly improved stretchability while not 

deteriorating their TE performance considerably.  

For the achievement of greater stretchability, self-supported and free-standing stretchable 

structures have been intensively investigated to get rid of the constraint of the supporting 

substrate. As presented by Jing et al., free-standing conducting wires with multilayered 

serpentine structures were fabricated via a scalable aerosol-jet printing technique.[159] Their 

obtained composite structures, in which conductive silver nanoparticles were inserted within a 

polyimide supporting matrix, exhibited excellent mechanical stretchability and robustness even 

when being deformed at large strains.[159] A recent study conducted by Nan et al. also 

demonstrated the feasibility of developing silicon-based stretchable TEGs by transforming a 

2D precursor system into an interconnected array of 3D helical coil architecture via a 

compressive buckling method, as illustrated in Figure 2.10 (d).[204] Nevertheless, their device 

size was limited and only available at the microscale owing to the substantial material cost as 

well as the sophisticated and time-consuming fabrication procedure of the photolithography 

process employed. In this regard, printing techniques are favoured for large-scale production 

of large-area electronic applications.[203] Another 3D helical stretchable TEG, as introduced 

by Xu et al., was produced via a facile coating method. Chalcogenide-based metallic alloys 

were coated on a stretchable PU substrate with a 3D helical shape to form a geometrically 

stretchable structure.[221]  
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Table 2-7 Comparison of stretchable TE materials and TEGs by adopting various material 

modification or device structure modification approaches reported in the literature. 

Approach Material 
Processing 

treatment 

Electrical 

characteristic 
Stretchability test Ref. 

Material 

Modification 

PEDOT:PSS 
Ionic liquid 

doping 
σ ~3000 S/cm 

1000 cycling at ε ~1 

~12% loss in σ 
[200] 

PEDOT:PSS 
Zonyl/DMSO 

doping 

σ ~393 S/cm 

S ~18.5 µV/K 

300 cycling at ε ~0.5 

~50% loss in σ and S 
[222] 

PEDOT:PSS 
Hydrogel 

 forming 
σ ~40 S/cm 

Max. loading at ε ~0.3 

no change in σ 
[223] 

PEDOT:PSS  

+ PU 

Elastomer 

blending 

σ ~79 S/cm 

S ~16 µV/K 

Max. loading at ε ~7 

no change in σ and S 
[212] 

PEDOT:PSS  

+ PDMS 

Elastomer 

blending 
Rsh ~2 Ω/sq 

5000 cycling at ε ~0.1 

no change in σ 
[211] 

Nax(Ni‐ett)n  

+ PU 

Elastomer 

blending 

σ ~0.01 S/cm 

S ~ -40 µV/K 

Max. loading at ε ~5 

no change in σ and S 
[213] 

Graphene  

+ PDMS 

Elastomer 

blending 

ΔV ~0.48 mV 

at ΔT ~15 K 

1000 cycling at ε ~1 

no change in ΔV 
[214] 

PEDOT:PSS 

+ PEG/PEO/PVA 

Soft material 

blending 
σ ~172 S/cm 

Max. loading at ε ~0.5 

no change in σ 
[224] 

n-WS2 + p-NbSe2 

+ PDMS 

Contact 

printing 

Pmax ~38 nW 

at ΔT ~60 K 

100 cycling at ε ~0.5 

~45% loss in Pmax 
[52] 

Device 

Structure 

Modification 

n-Si + p-Si 

+ PI 

Helical coil 

structure 

ΔV ~51.3 mV 

at ΔT ~20 K 

200 cycling at ε ~0.6 

~22% loss in σ 
[204] 

n-Bi2Se3  

+ p-Bi2Te3 + PU 

3D helical 

structure 

ΔV ~10 mV 

at ΔT ~15 K 

1000 cycling at ε ~0.6 

no change in ΔV 
[221] 

n-Bi2Te3  

+ p-Sb2Te3 + PI 

Spiral  

structure 

Pmax ~35 nW 

at ΔT ~75K 

500 cycling at ε ~0.3 

~50% loss in σ 
[216] 

PEDOT:PSS + Ag 

+ graphene + fabric 

Knitted loop 

structure 

ΔV ~1.1 mV 

at ΔT ~100 K 

800 cycling at ε ~0.2 

~7% loss in ΔV 
[225] 

WS2 + CNTs  

+ PDMS 

Pre-strain 

wrinkled film 
PF ~38 μW/(m·K2) 

10000 cycling at ε ~0.3 

no change in σ and S 
[220] 

p-Bi0.3Sb1.7Te3  

+ n-Bi2Te3 + PI 

Origami-Like 

folding 

Pmax ~40.7 µW 

at ΔT ~95 K 

Max. loading at ε ~0.2 

no change in Pmax 
[217] 

n-/p-doped Bi2Te3 

+ PDMS 

Liquid alloy 

interconnects 

Pmax ~40.6 μW/cm2 

at ΔT ~20 K 

1000 cycling at ε ~0.2 

~10% increase in σ 
[218] 

Note: DMSO = dimethyl sulfoxide, poly-nickel‐ethenetetrathiolates = Nax(Ni‐ett)n , PEG = 

poly(ethylene glycol), PEO = poly(ethylene oxide), PVA = poly(vinyl alcohol), PI = polyimide, 

ε = tensile strain, Rsh = sheet resistance, Pmax = maximum power or power density output.  
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Figure 2.10 (a) Schematic illustrating the fabrication process of a spiral-shaped stretchable 

TEG via the laser cutting method. (b) Schematic showing the fabrication process of a 

stretchable TEG by using liquid alloys as stretchable electrodes. (c) Schematic of the formation 

of the wrinkled film by pre-straining the PDMS substrate, which was later released to achieve 

a stretchable TEG. (d) Schematic representing the fabrication and assembly processes of a 

3D helical-coil stretchable TEG via the photolithography method. (Figure (a) reproduced with 

permission from [216]. Copyright 2016 Elsevier. Figure (b) reproduced with permission from 

[218]. Copyright 2017 American Chemical Society. Figure (c) reproduced with permission 

from [220]. Copyright 2019 AIP Publishing. Figure (d) reproduced with permission from [204]. 

(CC BY-NC))  



 

 

 

 

Chapter 3     

Materials and Methods 

This chapter outlines the materials and methods used for the fabrication of TE 

nanomaterials and nanocomposites, as well as the characterisation and measurement protocols 

employed for the data acquisition. Experimental details of different fabrication approaches for 

Bi2Te3 and Sb2Te3 nanomaterials are described here to compare their material yield, quality, 

and scalability (Stage 1 in Figure 3.1). The aerosol-jet printing technique, morphological and 

structural characterisation methods, thermoelectric measurement and mechanical test setups, 

as well as modelling tools are elucidated in the rest of the chapter (Stages 2 and 3 in Figure 3.1). 

Finally, different design structures used for flexible and/or stretchable TEGs are fabricated for 

the investigation of their TE performance (Stage 4 in Figure 3.1).  

 

Figure 3.1 Overview of fabrication processes for aerosol-jet printed TE nanocomposites and 

TEGs in this thesis.(Figure reproduced from the author’s work [25]. (CC-BY)) 
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3.1 Nanomaterial Fabrication  

For the inorganic TE material fabrication, two different approaches were attempted here. 

(1) Top-down approach: the crystals are derived from bulk materials by physical or chemical 

processing routes, e.g. hand grinding, ball milling, or exfoliation.[71] These approaches have 

some drawbacks, e.g. defects and imperfections, high processing cost, and difficulty in 

producing uniform structures, but they are scalable for mass production.[66] (2) Bottom-up 

approach: the compounds are formed through self-assembly from atoms or ions by chemical 

synthesis, including solvothermal, polyol, electrochemical, or sol-gel methods.[71] They allow 

better control of crystal sizes and compositions, and are reproducible and economical.[66] 

3.1.1 Top-down Fabrication Approach 

(i) Hand Grinding  

Commercially available bismuth telluride (Bi2Te3, powder, ≥ 99.99%, Sigma-Aldrich) and 

antimony telluride (Sb2Te3, beads, ≥ 99.99%, Sigma-Aldrich) were purchased for the 

subsequent material fabrication. Agate mortar and pestle (Sigma-Aldrich) were used for 

crushing and grinding Bi2Te3 powders and Sb2Te3 beads manually for 30 minutes so that the 

ground powders were fine enough to be subsequently printed via the AJP method (Section 3.3). 

This is the quickest and most straightforward method to fabricate microscale or even nanoscale 

particles, but it is difficult to control the size and shape homogeneity of obtained particles.   

(ii) Ball Milling  

Ball milling is another way to prepare Bi2Te3 and Sb2Te3 nanoparticles with significantly 

reduced particle sizes. Nonetheless, it might reduce crystallinity and form clusters and 

agglomeration.[1] In this project, Bi2Te3 and Sb2Te3 powders, which were purchased from the 

same supplier as discussed above, were milled for 10-40 hours via a high-energy planetary ball 

mill (Fritsch Pulverisette 7) with the help of Dr Pedro Sanchez-Jimenez. Different types of 

mills, ball diameters, and additives were tried here. Because using smaller balls could 

effectively break large particles into smaller ones, and adding liquid media and surfactants (e.g. 

oleic acid) could prevent cold-welding and reduce agglomeration issues. It was found that the 

milling time of 20 hours and the grinding ball diameter of 10 mm (zirconium oxide) were the 

optimum milling conditions for fabricating nanoscale particles with good crystallinity. There 

might remain some residual organic compounds on the surface of powders that should be 
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completely burned out at temperatures of 500-600 ºC. But this high-temperature heat treatment 

could cause some powders to be oxidised or even decomposed. Therefore, the as-obtained 

powders were annealed at 200 ºC to partially decompose and remove some residual liquid 

media and surfactants. 

3.1.2 Bottom-up Fabrication Approach 

(i) Solvothermal Synthesis  

As demonstrated by Datta et al., Bi2Te3 and Sb2Te3 nanomaterials could be synthesised by 

a facile, scalable, and surfactant-free solvothermal synthesis process.[72] It is a promising 

low-temperature synthesis approach that has been shown to achieve high-yield TE 

nanomaterials with good control of the composition, phase purity, shape, and size 

distribution.[66,72,226] In this project, Bi2Te3 nanoparticles were fabricated by an ethylene 

glycol-mediated solvothermal synthesis method, involving a redox reaction between the 

bismuth nitrate and sodium tellurite. Additionally, no templates were employed in this synthesis 

method to confine nanocrystals into different shapes.[72] 0.25 mmol (0.1213 g) of bismuth 

nitrate pentahydrate (Bi(NO3)3·5H2O, 98.0%, Sigma-Aldrich) was firstly dissolved in 1 mL of 

acetic acid (99.7%, Sigma-Aldrich). Subsequently, 9 mL of ethylene glycol (EG, 99.8%, 

Sigma-Aldrich) was added as a reaction medium that served as a reducing and capping agent 

to form a protective layer around the particle surfaces and inhibit the particle growth and 

agglomeration (see Figure 3.2).[72,226] After stirring for 10 minutes, 0.375 mmol (0.0831 g) 

of sodium tellurite (Na2TeO3, 99%, Sigma-Aldrich) was added as the ‘Te’ source, and stirred 

for 30 minutes for homogeneity. Finally, when all the added powders were completely 

dissolved, 5 mL of hydrazine hydrate (N2H4.H2O, 50-60%, Sigma-Aldrich) was added as a 

reducing reagent to reduce the sodium tellurite and also to prevent the surface oxidation of 

synthesised nanocrystals.[72] It should be noted that hydrazine is highly corrosive and toxic, 

and easily oxidised. Adequate safety precautions were taken during its handling, such as 

working in a fume hood and wearing personal protective equipment. The final mixed solution 

with a volume of 15 mL was sealed within a Teflon-lined stainless-steel chamber and then 

inserted into an autoclave (Kankun Instrument, 25 mL). The solvothermal reaction was 

performed at 175 oC for 12 hours in a gravity convection oven (Thermo Scientific).  

For the Sb2Te3 nanoflake synthesis, the same procedure was followed as above, but where 

the bismuth nitrate was replaced with an equal molar quantity of antimony acetate as a 
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precursor. 0.25 mmol (0.0747 g) of antimony acetate (C6H9O6Sb, 99.99%, Sigma-Aldrich) was 

used as the ‘Sb’ source, and all reactions were carried out under the same conditions as in the 

case of Bi2Te3. In this respect, this synthesis process can be extended to other telluride or 

selenide alloy nanocrystals.[72] It should be noted that all chemical reagents used here were of 

analytical grade from Sigma-Aldrich and were used as received without further purification. 

After synthesis, the obtained nanocrystals were subsequently rinsed using DI water and 

ethanol, and then collected by centrifugation (Sigma 1-14 microfuge). Between each washing, 

they were treated within an ultrasonic bath to clean as-received nanocrystals thoroughly, which 

should not affect the particle size and crystallinity of nanocrystals. By doing these steps, 

unreacted chemicals and solvents that remained on the surface were cleaned and removed.[72] 

Lastly, the nanocrystals were dried in a vacuum desiccator overnight, which provided a non-

oxidising atmosphere to prevent the oxidation of metallic alloys.[72] It was found that each 

batch of solvothermal synthesis could yield ~0.3 g of powder with a uniform particle size 

distribution. Mass production of these nanomaterials is paramount for large-scale fabrication 

of TE devices. Importantly, the above-discussed solvothermal synthesis method is not limited 

to these telluride-based materials, it can also be employed for other layered-structure materials, 

such as tin selenide (SnSe) nanosheets with good crystalline quality (see Appendix A.2). 

 

Figure 3.2 Schematic illustrating the growth processes of (a) Bi2Te3 and (b) Sb2Te3 with 

different nanostructured morphologies. (Figures reproduced with permission from [72]. 

Copyright 2010 American Chemical Society.)  
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(ii) Polyol Synthesis 

As reported by Datta et al., Bi2Te3 and Sb2Te3 nanocrystals could also be obtained by a 

low-temperature polyol synthesis process.[226] 1 mmol (0.4851 g) of Bi(NO3)3.5H2O or 

1 mmol (0.2989) of C6H9O6Sb, and 1.5 mmol (0.3324 g) of Na2TeO3 were added as the ‘Bi’ or 

‘Sb’ and ‘Te’ precursors, respectively. 2 g of polyvinylpyrrolidone (PVP, Sigma-Aldrich) was 

employed as a complexing agent and capping agent to control the crystal growth so as to obtain 

pure phase, good crystalline quality, and narrow size distribution.[226] 50 mL of ethylene 

glycol was served as the reaction medium and reducing agent. 2.5 g of sodium borohydride 

(NaBH4, 99%, Sigma-Aldrich) dissolved in 5 mL DI water was also added as a reducing agent. 

Lastly, acetone and ethanol were used to dissolve and clean the unreacted PVP and EG, and the 

rinsed nanocrystals were subsequently collected by centrifuging. However, this polyol process 

was found to be a less effective method compared to the above solvothermal synthesis method. 

Since this process was simply conducted within a beaker heating on a hot plate, the open-air 

environment made the as-synthesised nanocrystals to be easily oxidised during the reaction, 

leading to fairly low crystalline quality and poor TE properties. Thus, this synthesis method 

was not further discussed in this thesis.  

3.2 Structural Characterisation  

This section provides a brief explanation of the structural characterisation tools used 

throughout this work: including scanning electron microscopy (SEM), energy dispersive 

X-ray spectroscopy (EDX), X-ray diffraction (XRD), and transmission electron microscopy 

(TEM). Specific instrument details are also given here. 

3.2.1 Scanning Electron Microscopy (SEM) 

In order to visualize the surface morphology and microstructure of fabricated TE 

nanomaterials, and to measure the dimensions of the resulting AJ-printed TE nanocomposites, 

the obtained nanomaterials and nanocomposites were coated with platinum (Pt) or palladium 

(Pd) by sputter-coating at the deposition current of 40 mA for 40 seconds (K575 Sputter Coater, 

EMITECH) to form an electrically conducting thin film so as to prevent the charge 

accumulation and to minimise the charging effect during SEM imaging. These samples were 

mounted on the SEM stub by the adhesive carbon conducting tape. Field-emission Scanning 

Electron Microscope (SEM, FEI Nova NanoSEM 450), operating at an accelerating voltage of 
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10 kV and equipped with an Energy Dispersive X-ray Spectroscopy (EDX, Bruker XFlash 

6100), was used to perform imaging on nanomaterial and nanocomposite samples in order to 

investigate their dimensional, morphological, and compositional properties. The EDX analysis 

was also conducted on both fabricated TE nanomaterials and AJ-printed nanocomposites to 

ascertain their stoichiometry and homogeneity of chemical composition, at an accelerating 

voltage of 15 kV and spot size of 4. A table-top scanning electron microscope (Hitachi 

TM3000) was also employed for the quick morphological characterisation of AJ-printed films.  

3.2.2 X-ray Diffraction (XRD) 

The crystallinity, crystallite size, orientation, and phase purity of fabricated TE 

nanomaterials were investigated by using X-ray diffraction (XRD). The powder samples were 

attached flat onto a zero-diffraction silicon sample holder, and then the XRD analysis was 

performed on a powder X-ray diffractometer (Bruker D8 ADVANCE) equipped with Lynx Eye 

position-sensitive detector (Cu-Kα radiation, λ = 1.5406 Å), diffraction angle (θ, 20o < 2θ 

< 80o), and a step size of 0.05o at the room temperature. The obtained intensity-2θ spectra were 

analysed with the aid of HighScore Plus software (Version 4.1) for phase indexing. The average 

crystallite size was calculated by using Debye-Scherrer equation in Equation 3-1:[227] 

                              𝐷𝑝 = 
0.94𝜆

𝛽 cos 𝜃
 (3-1) 

 

where Dp is the average crystallite size of crystalline domains which may be smaller or 

equal to the grain size [nm]; β is the line broadening at half the maximum intensity (FWHM) 

that is calculated by non-linear fitting Gaussian Function, in radians; θ is the Bragg angle [o]; 

λ is the X-ray wavelength [Å].  

3.2.3 Transmission Electron Microscopy (TEM) 

The crystallinity of fabricated nanomaterials was confirmed by using the high-resolution 

transmission electron microscope (HRTEM, FEI Tecnai F20). The HRTEM samples were 

prepared by firstly dispersing the synthesised powders into ethanol by sonication treatment for 

1 minute to obtain a uniform dispersion, and then drop-casting 2-5 drops of the suspension on 

the 300-mesh carbon-coated copper TEM grids. The TEM grids were air-dried under ambient 

conditions. The HRTEM images were obtained at an accelerating voltage of 200 kV.  

https://en.wikipedia.org/wiki/Intensity_(physics)
https://en.wikipedia.org/wiki/Full_width_at_half_maximum
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3.3 Aerosol-Jet Printing  

This section discusses the aerosol-jet printing (AJP) technique as a multilayered thin and 

thick film fabrication tool with submicron patterning capability. To modify the AJP for the 

nanocomposite printing, it is vital to thoroughly understand its operating mechanism. Thus, a 

broad framework for the AJP process is provided here, where detailed atomisation and 

aerodynamic focusing mechanisms, as well as the processing parameter control are described, 

with examples of process optimisation for some preliminary printing results. Details of the 

AJP technique for multilayered nanocomposites by the in-house developed in situ mixing 

method are given in Chapter 4. The author also shows that the AJP technique can serve to 

mitigate some of the critical issues that other contemporary printing techniques have, e.g. 

screen printing and ink-jet printing. The AJP technique can offer distinct advantages regarding 

the possibility of using inks with an extensive range of viscosities. The acceptable particle size 

for the printable ink here can also be much larger and less uniform. 

3.3.1 Printing Process 

A wide-area and fine-featured Optomec Aerosol-Jet Printing 200 system (AJP 200, 

Optomec Inc) installed in the author’s lab allows for high-resolution rapid prototyping of 

multilayer electronic and structural patterns for circuits and devices on various substrates.[138] 

It involves creating an ‘aerosol’ of ink and using a carrier gas to propel this aerosol towards a 

substrate. As displayed in Figure 3.3, the AJP 200 system comes standard with the following 

major components: 1. Computer; 2. Control system; 3. Atomiser; 4. Deposition head; 5. 

Substrate and platen; 6. Motion system; and 7. Vision system. These components play different 

roles in the operating principle of the AJP process, as explained later in this section. As 

described by Secor et al.,[158] the AJP method is comprised of four main processes: (i) 

atomisation; (ii) transporting; (iii) focusing; and (iv) deposition. Among them, the atomisation 

and focusing processes are the essential processes, as they define the distinct features of the 

AJP compared to other printing techniques. More details will be discussed in the following 

section.  
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Figure 3.3 Annotated photograph showing the Optomec AJP 200 system configuration that 

consists of seven major components.  

 

(i) Atomisation 

For the atomisation process, the solution-based ink is atomised by creating a dense aerosol 

mist composed of highly loaded aerosol droplets with sizes typically ranging from 1 to 5 µm 

in diameter.[136,158] As illustrated in Figure 3.4, the AJP 200 system supports two different 

atomisation methods: ultrasonic atomiser (UA) and pneumatic atomiser (PA).  

The UA atomises the liquid ink with the help of high-frequency ultrasonic waves generated 

by an ultrasonic transducer (see Figure 3.4 (a)).[138] Considering the maximum ultrasonication 

power in the system, the ideal viscosity and amount of ink are constrained at the range of 

1-10 cP and 2 mL, respectively. However, in the case of the PA, its atomisation mechanism is 

quite different from the UA (see Figure 3.4 (b)). High-velocity nitrogen (N2) gas is injected 

into the ink chamber through the upper hole to shear the ink into a fine mist. As the pressure in 
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the atomiser chamber builds up, a large number of ink droplets impacting the sidewall through 

a tiny hole and draining back to the liquid ink can be seen. As a result, highly dense and 

small-sized droplets remain suspended in the mist.[136] At the same time, stirring and/or 

heating is often applied to modify the ink viscosity and surface tension so as to achieve a better 

pneumatic atomisation.[136] Finally, the created mist flow is connected to a virtual impactor 

(see Figure 3.4 (c)) to condense the aerosol stream, where an exhaust pump is used to remove 

excess gas and solvent from the aerosol flow.[228] 

Either the UA or PA can be chosen for the atomisation process, mostly depending on the 

properties of the used ink. Table 3-1 summarises some major differences between the UA and 

the PA. It can be seen that the UA works better with a smaller amount and lower viscosity ink, 

while the PA prefers large volume printing and has a larger ink viscosity capacity. Additionally, 

the PA is more versatile and compatible with a broader range of inks, especially with larger 

particle size, and is also more suitable for large-scale manufacturing.   

 

Figure 3.4 Schematic illustrating the atomisation process by (a) ultrasonic atomiser (UA) and 

(b) pneumatic atomiser (PA) in the AJP 200 system, where the enlarged inset illustrates the 

detailed atomisation mechanism of the PA. (c) A virtual impactor is connected to the PA. 
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Table 3-1 Comparison of the ultrasonic atomiser and the pneumatic atomiser.[136,138,229] 

Atomiser Ultrasonic atomiser (UA) Pneumatic atomiser (PA) 

Ink 

container 

• Glass vial (fragile) 

• Small volume (~2 mL) of lower 

viscosity (1-10 cP) ink 

• Teflon jar (robust)  

• Large volume (~20 mL) of higher 

viscosity (1-1000 cP) ink 

Ink 

properties 

• Used for liquid ink, nanoparticle 

suspensions, etc., with a smaller 

particle size up to 50 nm 

• Solvents with a higher vapour pressure  

• Used for liquid inks, pastes, etc., with a 

larger particle size up to 500 nm 

• Solvents with lower to medium vapour 

pressure (i.e. higher boiling point)  

Ink 

temperature 

• Water bath to stabilise the ink 

• Temperature from 5 to 50 oC 

• Band heater and stirrer to stabilise the ink 

• Temperature from 25 to 60 oC 

 

(ii) Transporting  

After the ink atomisation, the aerosol mist is entrained in a nitrogen carrier gas flow and 

then directly fed through a plastic tube towards the deposition print head. However, because of 

the large surface area of micron-sized droplets, there is a small number of aerosol droplet loss 

during the transport process, which can be ascribed to the rapid solvent evaporation or the 

impingement onto the tube wall.[158] It is worthwhile mentioning that some modifications on 

the aerosol transport process can be done to expand the application of this AJP technique, such 

as introducing a Y connector between the UA and the PA for in situ mixing of different aerosol 

droplets atomised from different ink sources or heating the plastic tube locally to modify the 

ink properties, just to name a few. These modifications will be further discussed in Chapter 4. 

(iii) Focusing 

Interchangeable fine or wide feature deposition print heads are included in the 

AJP 200 system, which allows printing features ranging from 10 μm to 1 mm in size.[136] The 

fine hollow nozzle tip diameter size ranges from 100 to 300 μm, while the wide nozzle tips are 

available in sizes from 0.5 to 2.0 mm.[136] In this work, a fine-feature deposition print head is 
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mainly used. Within the deposition print head illustrated in the enlarged view of Figure 3.5 (a), 

an innovative aerodynamic focusing technology is utilised here to realise the fine-feature 

printing. There are two nitrogen gases flowing co-axially through the nozzle and out of the 

tip,[138] where the atomiser gas flow (Qatm) generated by the atomiser is cylindrically 

surrounded by a continuous annular sheath gas flow (Qsh) that can focus and accelerate the 

aerosol stream. Then, the resulting high-velocity aerosol droplets are jetted towards the 

substrate.[136,138,230] This process is known as ‘focusing’. By independently controlling the 

flow rate of Qatm and Qsh, the dynamics of the AJP process can be controlled with reasonable 

precision. The minimum printed feature that can be achieved in the AJP method is 10 µm on 

virtually any surface, planar or non-planar, while the single-pass layer thickness can be 100 nm 

to 2 µm.[136] 

Since the atomisation and focusing conditions have a significant influence on the printed 

line profile and morphology, it is essential to find out the optimum printing conditions for 

various ink formulations. The relationship of different printing parameters and the resulting 

AJ-printed line dimensions and printing quality has been analysed in detail in a previously 

published work from the author’s group.[138] Table 3-2 summaries and compares different 

printing parameters affecting the quality of the printed line. As derived by Binder et al., a simple 

analytical model is introduced to predict the printed line resolution, where the focus ratio (FR) 

is used to evaluate the aerosol droplet distribution exiting the capillary as well as the aspect 

ratio of the resulting printed line.[230] As defined in Table 3-2, the FR is the gas flow ratio 

between the sheath gas flow rate (Qsh) and the atomised aerosol flow rate. Larger atomiser flow 

rate (Qatm) in the UA or larger atomiser–exhaust delta (ΔQ) value in the PA can give a larger 

number of aerosol droplets loading and deposit, which leads to thicker and wider lines 

(i.e. lower FR). Higher sheath gas flow rate can produce narrower and higher-speed aerosol 

droplets impacting onto the substrate, which can result in more focused fine-feature lines 

(i.e. higher FR).[138,230,231] Moreover, as summarised in Table 3-2, different adjustable 

printing parameters, including nozzle tip size, tip height, printing speed, substrate temperature, 

ink temperature, and ink viscosity, can affect the final printed line width, thickness, morphology, 
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and uniformity. An ‘overspray’ phenomenon is often seen in the AJP process, The aerosol 

droplets deviate from the centre of gas flow when impinging onto the substrate, resulting in the 

increment of line width with ill-defined or ‘fuzzy’ edges.[138] The printed line quality can be 

evaluated via the quality factor (QF) defined in Equation 3-2 and Figure 3.5 (b): 

QF = 
𝑑𝑜𝑢𝑡 − 𝑑𝑖𝑛  

𝑑𝑖𝑛
 (3-2) 

where dout is the outer width of the printed line [m], and din is the inner width [m]. 

 

Figure 3.5 (a) Annotated photograph depicting the fine-feature deposition print head installed 

in the AJP 200 system. The enlarged diagram demonstrates the flow profile of aerosol and gas 

as well as the mechanism of focusing. (b) Illustration showing the quality factor of printed line. 

Table 3-2 Comparison of different printing parameters in the UA and the PA.[136,138,230] 

Atomiser Ultrasonic atomiser (UA) Pneumatic atomiser (PA) 

Printing 

parameter 

• Aerosol flow rate = atomiser flow rate 

• Focus ratio (FR) = 
𝑄𝑠ℎ

𝑄𝑎𝑡𝑚
 

• Aerosol flow rate = the difference of 

the atomiser flow rate and the exhaust 

flow rate, i.e. ΔQ = Qatm - Qexh 

• Focus ratio (FR) = 
𝑄𝑠ℎ

Δ𝑄
  

Adjustable 

parameter 

• Sheath flow rate → focusing degree → inversely proportional to the line width 

• Atomiser flow rate → number of aerosol droplets → line width and thickness 

• Nozzle tip size, tip height, printing speed, substrate temperature, substrate surface 

feature, ink temperature, and viscosity → width, thickness, and morphology 

• Number of printed layers → directly proportional to the line width and thickness  
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(iv) Deposition 

Finally, aerosol droplets are deposited on a substrate, maintaining their velocity and focus 

ratio. As illustrated in Figure 3.6, a 200 mm x 200 mm platen installed with heating and vacuum 

system and controlled by a motion-control system is used here, where the substrate is mounted 

about 2 to 5 mm beneath the nozzle tip with the surface perpendicular to the jetted aerosol 

flow.[230] The motion system includes two motorised axes with the motion accuracy of ± 6 µm 

for each axis, and the printing speed can be up to 200 mm/s.[136] By moving the automated 

platen, a desired printing pattern is formed. A mechanical process shutter is used to interrupt 

the flow of the focused aerosol stream to pause or stop the deposition process. A vision system 

equipped with an optical digital camera and a high-resolution CCD camera is also employed 

for pattern alignment, online process monitoring during printing, and quick line morphology 

characterisation, which enables better control of the line width, density, continuity, and edge 

smoothness in order to ensure the functional integrity of printed structures.[136,138,167] 

 

Figure 3.6 Annotated photograph displaying the motion system installed in the AJP 200 system. 

The enlarged inset illustrates the ink deposition process. 

Importantly, since the platen can be heated up from 20 to 120 oC, the mounted substrate 

can be heated to a desired temperature.[136] The substrate temperature is crucial for creating 

fine-feature lines, as higher temperatures can reduce the coffee-ring effect (ring-like deposition 

pattern along the perimeter of droplet after it evaporates) and quickly cure the newly-deposited 

wet line to avoid the overspray issue. Besides, higher substrate temperature can increase the 

evaporation rate of solvent and reduce the time for the deposited droplets to spread out, thereby 

resulting in a narrower printed line.[138] However, the substrate temperature cannot be too 

high, because high temperature can cause solvent evaporating too quickly, which can result in 
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the poor printed line quality or the clogging of the nozzle tip.[138] Meanwhile, the wettability 

(i.e. contact angle) of atomised droplets can be modified by tuning the substrate surface energy 

via surface modifications, e.g. oxygen plasma treatment. As the substrate has a direct influence 

on the thermal efficiency of the TEG, substrates with minimum thickness and lowest κ are 

desired to help maintain the ΔT across the TEG. An ideal substrate should be electrically 

insulating to ensure no current passing through, and possess low κ to prevent thermal 

shorting.[92] Table 3-3 summarises different applicable substrates for printing, and their 

advantages and disadvantages are also compared. In this work, the polyimide sheet (PI, 75 µm 

thick, Goodfellow) was chosen, by virtue of its excellent flexibility and high-temperature 

stability. The PI substrate was washed in acetone and dried with nitrogen gas prior to printing. 

It is worth mentioning that no surface modification was undertaken on the PI substrate here.  

Table 3-3 Comparison of different applicable substrates for the AJP process. 

Type Substrate  Advantage Disadvantage 

Flexible 

Polyimide sheet 

• Flexible and bendable 

• Thermally insulating 

• High working temp. (˂400 oC) 

• Expensive 

• Semi-transparent 

Acetate sheet 

• Cheap and transparent  

• Flexible and bendable 

• Thermally insulating 

• Low working temp. (˂110 oC) 

Al/Al2O3 foil 

• Cheap and flexible 

• Lightweight  

• High working temp. (˂580 oC) 

• Opaque 

• Easy to break 

• Thermally conducting 

Paper sheet  
• Cheap and flexible 

• Thermally insulating 

• Easy to break 

• Low working temp. (˂200 oC) 

Stretchable 

Polydimethylsiloxane 

(PDMS)  

• Cheap and transparent 

• Flexible and stretchable 

• Thermally insulating 

• Low working temp. (˂200 oC) 

Polyurethane  

(PU) 

• Cheap and transparent 

• Flexible and stretchable 

• Thermally insulating 

• Low working temp. (˂200 oC) 

Rigid 

Silicon  
• Good printing compatible  

• High working temp. (˂1700 oC) 

• Rigid and opaque 

• Expensive 

• Thermally conducting 

Glass  
• Cheap and transparent  

• High working temp. (˂550 oC) 

• Rigid and opaque 

• Thermally conducting 
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3.3.2 Printing Control 

The toolpath generation to material printing is realised with the aid of a knowledge 

engineered workstation application (KEWA™) that consists of three graphical user interfaces: 

motion control manager, printing process manager, and vision system manager.[136] The 

control system uses the geometric information contained in the AutoCAD software to 

automatically drive the AJP process as it builds up a component layer by layer.[136,138] The 

atomisation conditions, platen temperature, and printing speed can be adjusted via the 

KEWATM to tune the printing quality. The basic procedures of printing a desired pattern are 

described as follows and in Figure 3.7:[136,138] 

1. The printing pattern (.dxf file) and toolpath (.prg file) are designed and generated by 

the AutoCAD software and the VMTools software, respectively.  

2. Either the UA or the PA is chosen, depending on the ink viscosity. The ink is loaded 

for the atomisation.  

3. Straight lines are printed for testing and production run, where the printed line quality 

is monitored and evaluated by the vision system in real-time. 

4. The atomisation conditions, platen temperature, printing speed, and other adjustable 

parameters are varied via the KEWATM software to optimise the printing quality, according to 

the above-discussed Table 3-2.  

5. After optimising the printing quality, the AutoCAD-designed toolpath is loaded for 

printing the desired pattern by applying optimum printing parameters from the previous step. 

6. Lastly, monolayered or multilayered structures are printed for further characterisation.  

 

Figure 3.7 Flow chart demonstrating the basic steps to print design patterns by the AJP method. 
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3.3.3 Pattern Printing  

The user-defined pattern can be designed and directly drawn by using the AutoCAD 

software, and be easily edited and modified as desired. The AutoCAD toolpath generation also 

provides large design flexibility, and is extremely useful for fabricating made-to-order devices 

that have unique features.[136] As displayed in Figure 3.8, a variety of design patterns, ranging 

from simple patterns, e.g. straight, square and curved lines, to highly sophisticated patterns, 

such as the Penrose pattern, can be printed by this state-of-the-art AJP technique. The minimum 

printable feature size that can be achieved here is ~10 µm. The printing resolution is an 

ink-dependent property, and this can be varied for different inks. Conductive 

Ag-nanoparticle-based ink is one of the most investigated commercial inks utilised in this AJP 

technique. [136,138] To further exploit the AJP technique, bespoke inks were prepared by using 

the in-house synthesised TE nanomaterials, which would be AJ-printed into TEG structures in 

the following chapters. The actual printed device structures were varied according to their 

specific applications, e.g. flexible TEGs, compositionally graded TEGs, or stretchable TEGs.  

 

Figure 3.8 SEM images showing various design patterns, such as (a) straight, (b) square, (c) 

curvy, and (d) Penrose, which were printed on a silicon substrate by the AJP method. Ag ink 

was used here for demonstration.(Courtesy of Dr Michael Smith)  
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3.4 Ink Preparation 

Successful atomisation mostly depends on the viscosity of the ink. This AJP 200 system 

has a wide viscosity capacity, ranging from 1 up to 1000 cP. A large variety of inks, pastes or 

other materials are compatible for the AJP process. The used inks here can be commercially 

available functional inks or in-house developed inks. The in-house developed ink may consist 

of a mixture of liquid chemical precursor, solid particles (e.g. metals, conductors, insulators, 

etc.), and solvents (e.g. water, polymer, organic solvent, etc.).[136] For the ink comprising 

nanoscale particles, the particle size should be smaller than the limit of atomised aerosol droplet 

size (i.e. 10 μm). Nanomaterials, such as nanoparticles or nanotubes with the size range of 

10 nm to 10 μm, can be potentially printed by the AJP technique. Thus, a proper selection of 

the particle dimension and solvent is essential for ink preparation. Considerations for a ‘good’ 

ink are as follows: 1. low to moderate viscosity (highly viscosity inks are difficult to be 

atomised); 2. no shear-thickening behaviour (this prevents the atomisation process); 3. not too 

thin (overspray issue or coffee-ring effect); 4. not too low boiling point (solvent evaporates too 

quickly during the transporting process). The fluid dynamics, surface tension, wetting angle, 

solubility, and density of the as-obtained ink should also be considered for the subsequent 

printing quality optimisation. Since the atomisation and printing conditions have a great 

influence on the printed line profile and morphology, it is paramount to find out the optimum 

conditions for different ink formulations. More importantly, as reported in the literature, most 

fabrication methods for TE materials have a comparatively low yield. The material and 

manufacturing cost is also quite expensive. Hence, making full use of these TE materials, both 

inorganic powders and organic polymers, is of vital importance.  

Since the ink can be aqueous or organic-based, different solvents were selected for the 

investigation of ink formulation in this work. The choice of atomiser for the ink atomisation 

depended on the ink viscosity. A total amount of 2 mL of as-prepared ink was placed into a 

glass vial designed for the UA, while 20 mL of ink was placed into a plastic jar designed for 

the PA. When not in use, the ink was stored in a fridge at 2-8 oC.  
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3.4.1 Ultrasonic Atomiser 

(i) PEDOT:PSS Ink 

Aqueous p-type conducting polymer poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS, 1 wt.%, Heraeus Clevious™ PH1000) used in this project was 

purchased from Ossila. Another PEDOT:PSS solution (1.3 wt.%, Sigma Aldrich) was also used 

in this work for comparison in Chapter 4. Additionally, 5 wt.% of ethylene glycol 

(EG, 99.8%, Sigma-Aldrich) or dimethyl sulfoxide (DMSO, 99.9%, Sigma-Aldrich) was 

added into the PEDOT:PPS ink to improve the TE properties of PEDOT:PSS.[93,95]   

(ii) Ag Ink 

A commercial silver-nanoparticle-based ink (Ag, Prelect TPS 50 G2, Clariant) was diluted 

by DI water at a volume ratio of 1:1 (ink: water) into a printable Ag ink. During printing, the 

Ag ink was maintained at a constant temperature (20 oC) by a water-bath cooling system. 

3.4.2 Pneumatic Atomiser 

(i) Bi2Te3/Sb2Te3 Ink 

The Bi2Te3 and Sb2Te3 nanomaterials were fabricated by both top-down fabrication and 

bottom-up synthesis methods, as discussed in Section 3.1. These nanomaterials were then 

prepared into printable inks by dispersing them within DI water at different concentrations for 

the ease of mixing with other water-based inks to form nanocomposite structures, which will 

be discussed in detail in Chapter 4. It should be noted that no oxidation issue or colour change 

was seen from the surface of these nanomaterials, indicating their stability within DI water.  

(ii) MWCNTs Ink 

Multiwall carbon nanotubes (MWCNTs, >90% carbon basis, 5-9 µm in length, 

110-170 nm in diameter) were purchased from Sigma Aldrich. Due to the agglomeration issue 

of these MWCNTs, different surfactants were added to facilitate the dispersion of MWCNTs 

within DI water, thereby achieving a printable ink. This will be further discussed in Chapter 5.  
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(iii) PVDF Ink 

Since conducting polymers are comparatively expensive, cheaper insulating polymers 

were also used in this work for comparison. Polyvinylidene fluoride (PVDF) was prepared into 

a printable ink by dissolving 5 wt.% PVDF powder (Mw ~534000, Sigma-Aldrich) into 

N-methyl-2-pyrrolidone solvent (NMP, Sigma-Aldrich).  

(iv) PI Ink 

For the preparation of polyimide (PI) ink, poly(pyromellitic dianhydride-co-4,4’-

oxydianiline) and amic acid solution (12.8 wt.% in 80% NMP/20% aromatic hydrocarbon, 

Sigma Aldrich) were mixed with N-Methyl-2-pyrrolidone (NMP, Sigma Aldrich) at a volume 

ratio of 1:1 and stirred overnight to fully blend all the precursors.  

(v) PU Ink 

5 wt.% of polyurethane (PU, beads, Elastollan Soft) was dissolved within 

N,N-dimethylformamide (DMF, Sigma Aldrich) solvent to obtain a printable PU solution.  

3.4.3 Printing Conditions 

The printing conditions of different inks were investigated and optimised by applying 

different combinations of gas-flow rates, where the sheath gas-flow rate (Qsh) was varied from 

50 to 250 cm³/min, and the aerosol flow rate Qatm for the UA from 20 to 60 cm³/min while ∆Q 

for the PA from 10 to 200 cm³/min. Table 3-4 summarises some reference printing parameters 

concluded from several preliminary printing tests, which can give a rough idea of how to start 

selecting printing conditions when using different solvent-based inks. However, the actual 

printing conditions would typically be varied according to the functional inks used, 

e.g. concentration, miscibility, and formulation between the loaded particulates and solvent, as 

well as the actual working conditions of the printer. In addition, since the printing speed and 

the number of printed layers mutually decide the width and thickness of printed lines as well 

as the printing time needed, the trade-off between these parameters should also be considered 

and optimised during the printing process.    
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Table 3-4 Some optimum printing conditions for different bespoke inks used in this work. 

Atomiser Ink Printing Condition Line Quality 

UA 

PEDOT:PSS + 

Water 

Qsh: 150, Qatm: 50 

Process: 2 mm/s, Rapid: 40 mm/s  

Tip size: 300 µm  

Platen temperature: 80 °C 

Thickness: ~3 μm 

Width: ~80 μm  

Printed 10 layers 

Cured at 130 °C for 2 hours 

Ag + Water 

Qsh: 90, Qatm: 40 

Process: 2 mm/s, Rapid: 40 mm/s  

Tip size: 150 µm  

Platen temperature: 80 °C 

Thickness: ~2 μm 

Width: ~30 μm  

Printed 10 layers 

Cured at 200 °C for 2 hours 

PA 

Bi2Te3/Sb2Te3 

nanomaterials 

+ Water 

Qsh: 150, Qatm: 600, Qexh: 550 

Process: 2 mm/s, Rapid: 40 mm/s  

Tip size: 300 µm 

Platen temperature: 80 °C 

Thickness: ~5 μm 

Width: ~100 μm  

Printed 10 layers 

Cured at 130 °C for 2 hours 

MWCNTs + 

Water 

Qsh: 150, Qatm: 600, Qexh: 550 

Process: 2 mm/s, Rapid: 40 mm/s  

Tip size: 300 µm 

Platen temperature: 80 °C 

Thickness: ~3 μm 

Width: ~100 μm  

Printed 10 layers 

Cured at 130 °C for 2 hours 

PVDF + NMP 

Qsh: 100, Qatm: 1000, Qexh: 800 

Process: 2 mm/s, Rapid: 40 mm/s  

Tip size: 300 µm  

Platen temperature: 80 °C 

Thickness: ~5 μm 

Width: ~100 μm  

Printed 10 layers 

Cured at 100 °C for 12 hours 

PI + NMP 

Qsh: 100, Qatm: 1200, Qexh: 1000 

Process: 2 mm/s, Rapid: 40 mm/s  

Tip size: 300 µm  

Platen temperature: 80 °C 

Thickness: ~10 μm 

Width: ~100 μm  

Printed 10 layers 

Cured at 130 °C for 12 hours 

PU + DMF 

Qsh: 100, Qatm: 1000, Qexh: 800 

Process: 2 mm/s, Rapid: 40 mm/s  

Tip size: 300 µm  

Platen temperature: 80 °C 

Thickness: ~5 μm 

Width: ~100 μm  

Printed 10 layers 

Cured at 100 °C for 12 hours 

Note: UA is the ultrasonic atomiser; PA is the pneumatic atomiser; PEDOT:PSS = 

poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate); PVDF = polyvinylidene fluoride; 

PI = polyimide; NMP = N-Methyl-2-pyrrolidone; PU = polyurethane; DMF = 

N,N-dimethylformamide; Qsh = sheath gas flow rate, Qatm = atomiser gas flow rate, and Qexh = 

exhaust gas flow rate, with the flow unit of [cm³/min] (i.e. standard cubic centimeter per 

minute); ‘Process’ describes the speed of the platen moving during deposition (shutter open); 

‘Rapid’ describes the speed of the platen moving between depositions (shutter closed).[138] 

The tip height of 3 mm was used throughout the printing process. 
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3.5 Post-processing Treatments 

3.5.1 Thermal Annealing 

Thermal annealing process, or curing, was conducted immediately after the printing 

process via a pre-heated oven (HeraTherm - Thermo Scientific). The thermal behaviour and 

the stability to oxidation of fabricated TE particles were studied by differential scanning 

calorimetry (DSC), as discussed in Appendix A.3. The DSC analysis is necessary here, because 

it can determine the maximum temperature that the author can employ for the curing process, 

and it is also useful for the temperature-dependent measurements on S and σ that will be 

discussed in Chapter 6. Considering the oxidation and melting temperature of the utilised 

inorganic particles, as well as organic polymers that would be employed as polymeric matrices 

for the TE nanocomposite fabrication, the curing conditions were optimised here. Due to the 

low melting point of PEDOT:PSS (~145 oC) and PVDF (~177 oC), as well as the low oxidation 

temperature of Bi2Te3 and Sb2Te3 (~180 to ~250 oC), the AJ-printed samples were oven-cured 

at 130 °C for 2 hours to remove water and other undesirable organic solvents. The possibility 

of low-temperature curing was also explored. 

3.5.2 Surface Treatment 

The Seebeck coefficient and electrical conductivity of PEDOT:PSS-based nanocomposites 

could be dramatically improved by the surface treatment.[93] The PEDOT:PSS-based 

nanocomposites were dipped within a de-doping agent at a temperature of 80 oC for 2-hour 

submersion. Subsequently, the treated samples were rinsed thoroughly by dipping within 

DI water for several minutes to remove residual de-doping solvents and de-doped PSS 

molecules that remained on the surface, followed by gentle blow-drying with dry nitrogen 

gas.[93,232] In this work, different de-doping agents, namely, ethylene glycol (EG, 99.8%, 

Sigma Aldrich), dimethyl sulfoxide (DMSO, 99.9%, Sigma Aldrich), sulfuric acid (H2SO4, 

20 vol.%, Sigma Aldrich), and glycerol (GYL, 99.5%, Sigma Aldrich), were first employed on 

the as-printed pristine PEDOT:PSS films to find out the best de-doping agent on the TE 
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performance enhancement. The selected de-doping agents would then be applied in the rest of 

AJ-printed PEDOT:PSS-based nanocomposite samples. 

3.6 Measurement of Dimensions 

Following the printing process, the length and width of AJ-printed structures were 

measured from top-down and cross-section SEM images by a table-top scanning electron 

microscope (Hitachi TM3000) or an optical microscope (Nikon OPTIPHOT), while the 

thickness and line profile were measured by a stylus profilometer (Veeco DEKTAK 6M). The 

length of serpentine structures printed in this work was estimated by their AutoCAD patterns.  

In order to ensure good consistency and confirm the fabrication and measurement 

repeatability, two samples that were prepared in the same conditions were randomly chosen. 

For each sample, a minimum of three repeated measurements was carried out, with the average 

value being calculated to increase the accuracy. To calculate the cross-sectional area accurately, 

the AJ-printed film should be of uniform thickness and width. Following this, the electrical 

conductivity can be calculated by knowing the corresponding resistance value via the 

four-point probe resistance measurement, as discussed in the following Section 3.7. For the 

multilayer printed structure, it is difficult to distinguish the thickness of each layer of materials 

being printed, because each loop of printing may contain overlapped paths. As a result, 

single-layer films were AJ-printed separately to measure their thickness accurately.  

3.7 Thermoelectric Measurements  

This section gives a general description of how to measure the Seebeck coefficient and 

electrical conductivity of thin-film samples. Considering that different printed device structures 

were designed and developed for specific applications, the measurement set-up was modified 

accordingly, as described in the following sections. In this project, the thermal conductivity of 

these AJ-printed thin-film structures was not measured due to the lack of a proper measurement 

setup. Hence, in the absence of thermal conductivity data, the power factor (PF) provides an 
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alternative way to evaluate the potential TE performance of different samples. Some 

preliminary experiments on thermal conductivity measurements of AJ-printed thin-film 

structures were attempted with encouraging results, as discussed in Appendix A.1. However, 

further examination of the developed model is needed to verify its accuracy.   

The Seebeck coefficient of a TE material can be estimated through the direct measurement 

of Seebeck voltage generation under different temperature gradients. Since it is fairly 

challenging to fabricate polymer-based materials into a dense block with thickness up to several 

hundreds of microns, their TE properties are often characterised in the form of thin-film 

structures.[89] Figure 3.9 depicts the general experimental setups for measuring Seebeck 

coefficient and electrical conductivity of a thin-film sample deposited on a substrate. For the 

in-plane heat flow direction illustrated in Figure 3.9 (a), the thin-film sample is clamped 

laterally, with the ΔT applied along the lateral direction of the thin-film sample and its edges 

contacting with thermometers and Seebeck voltage probes.[92] When one side of the sample 

is heated up and the other side is cooled down, the thermometers record the ΔT between both 

sides, and a voltmeter measures the voltage generated across the sample. It should be noted 

that the Seebeck voltage signal generated from the multimeter could be largely eliminated by 

stabilising the working temperature of the multimeter and setting it to a delta mode for more 

accurate Seebeck voltage measurement of the test sample. For the out-of-plane heat flow 

direction displayed in Figure 3.9 (b), the sample is mounted vertically with the ΔT created 

across the thickness of the film. However, due to the thickness constraint of the AJ-printed 

sample, the out-of-plane measurement setup discussed in Appendix A.4 is not applicable here.  

The electrical conductivity can be determined by a four-point probe method using the same 

measurement setup discussed above. For an ideal four-point probe method, as illustrated in 

Figure 3.9 (c), there are four probes placed at equal intervals along the sample. An electrical 

current flow is passed through the outer electrodes, leading to a voltage drop across the inner 

probes that is measured by a voltmeter.[92] By adopting this method, the contact electrode 

resistance and the lead resistances can be eliminated, and the measured resistance is only 
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attributed to the sample under test, leading to more accurate results than those measured from 

the two-point probe method.[92] In this work, the resistance of the AJ-printed sample was 

measured in a four-probe two-terminal configuration, where the leads for applying a voltage 

and measuring a current are at the same positions (i.e. leads 1 and 2 at the same terminal, leads 

3 and 4 at the same terminal). Electrical conductivity (σ) was then calculated from the equations, 

as presented in Figure 3.9 (c). Moreover, Hall-effect measurements were conducted to estimate 

the charge carrier density and confirm the charge carrier type of AJ-printed samples, which is 

discussed in Appendix A.5.   

 

Figure 3.9 Schematic representation of setups for measuring (a) the in-plane (lateral) and 

(b) the out-of-plane (vertical) Seebeck coefficient and electrical conductivity of the thin-film 

structure, where (c) the four-point probe method is employed for the electrical conductivity 

measurement. 
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3.7.1 Meandering Structure  

In this work, flexible PEDOT:PSS-based TE nanocomposites were fabricated in 

combination with bespoke TE inks and the AJP technique. For possible integration into 

wearable devices, a millimetre-scale meandering structure was designed here to achieve higher 

mechanical flexibility. Figure 3.10 presents the AutoCAD-designed pattern and experimentally 

AJ-printed TE nanocomposite on a flexible PI sheet. The printed lines were placed 0.4 mm 

apart, and the whole meandering structure was 20 mm in length and 5 mm in width. 

 

Figure 3.10 (a) Schematic of the AutoCAD-designed meandering structure. (b) Photograph of 

the experimentally AJ-printed 5-layer TE nanocomposite on a PI sheet by the AJP method. 

 

Figure 3.11 schematically depicts the sample preparation process of AJ-printed 

nanocomposites for the TE property measurement. An enlarged schematic drawing in Figure 

3.12 (a) presents the AJ-printed TE sample that was prepared for the subsequent TE 

measurement. Firstly, a 3-mm wide polyimide (i.e. PI or Kapton) tape was used to mask the 

middle portion of the printed pattern. It acted both as a mask when silver paint (RS Electrolube) 

was applied for making electrical contacts, and also as an encapsulant to protect AJ-printed 

patterns underneath from scratches and other physical damage during sample handling. Since 

the AJ-printed TE pattern was too small and too thin to be directly measured, silver paint was 

applied manually on both edges of the pattern as metallic pads so that a better electrical and 

thermal contact between the sample and inner Seebeck probes (copper wires, 0.2 mm in 

diameter) can be achieved, thereby reducing the measurement error on the Seebeck voltage as 

well as the sample resistance.[233] Although the additional Ag electrodes might slightly 
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change the effective length of the TE leg being tested, there should be no difference in the 

measured Seebeck coefficient or electrical conductivity values.[92] Subsequently, conducting 

copper wires were used as electric lead wires to make contacts with the sample in a four-probe 

two-terminal configuration, as illustrated in Figure 3.11 (e). The insulation was removed from 

both ends of the enamelled copper wires, and they were attached by silver paint. After silver 

paint was dried, the PI tape was used again to mask the silver-painted region, insulate the 

contacts, and protect the contacts from physical damage. Copper sticky tapes were then used 

to make good thermal contact on either side of the sample, as shown in Figure 3.11 (g). A 

thermal gradient could later be applied to the sample by attaching them to hot and cold ends 

with the aid of copper tapes. Eventually, PI tapes were again used on top of copper tapes for 

insulation (see Figure 3.11 (h)). A pair of commercially available platinum resistance 

temperature detectors (Pt-100 RTDs, Farnell) served as thermometers were taped down by PI 

tapes on the surface of the sample to detect the local real-time temperature on the hot and cold 

ends. A silicone thermal grease (Servisol heat sink compound, Farnell) was employed for the 

improved thermal contact.  

A cross-sectional view of the sample (along a dotted line illustrated in Figure 3.11 (i)) 

showing the different layers of tapes and coatings is depicted schematically in Figure 3.11 (j). 

The PI tapes applied on top of copper tapes ensured that the temperature was measured 

symmetrically on either side of the copper tape (see Figure 3.11 (i)). On either side of the 

copper tape, there was a layer of PI tape. The lower PI tape was in direct contact with the 

sample, and the top PI tape was in direct contact with two Pt-100 RTDs, thus making a 

symmetric connection to allow precise temperature measurement. The heat loss was considered 

negligible here owing to the application of thermal grease. 
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Figure 3.11 Schematic of (a) the AJP process, (b) the AJ-printed sample, (c) masking and 

encapsulating the pattern with PI tapes, (d) applying Ag paint to make electrical connections, 

(e) attaching copper wires in a four-probe two-terminal configuration, (f) encapsulating Ag 

contacts, (g) attaching copper tapes to create a temperature gradient, (h) masking copper tapes, 

and (i) attaching Pt RTDs. (j) Cross-sectional view showing the arrangement of different layers 

and/or coatings. (k) Schematic of the bespoke measurement setup. 
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A custom-built measurement setup was developed for the simultaneous measurement of 

the in-plane Seebeck coefficient and electrical conductivity of the AJ-printed sample by using 

a dynamic method. As shown in Figures 3.12 (b) and (c), a bespoke test bench was built by 

using two temperature-controlled Peltier modules (RS Components), one operating as a heat 

source while the other as a heat sink to create a small ΔT in between (-60 to +60 oC). Those 

two Peltier modules were connected in series, with opposite polarities, to a direct-current (DC) 

power source (Thurlby) so that when a DC voltage was applied, the top surface of one of the 

Peltier modules would get heated and that of the other would be cooled down relative to room 

temperature. The Peltier modules were glued, by using silver paint, onto two dense steel blocks 

that acted as heat sinks to keep the lower surface temperatures of the Peltier modules constant 

and close to the room temperature, thus maintaining a constant ΔT between the top surfaces of 

each Peltier module. By doing this, a higher ΔT could be reached. The ΔT could then be 

controlled by varying the applied DC voltage. Additionally, the whole test bench was placed in 

a nitrogen-filled chamber and tested at room temperature so that the ambient electrical and 

thermal noise could be minimised and the condensation of ambient water vapour on the cold 

surface of the Peltier module could be prevented during the measurement.[24] Finally, the 

sample was mounted in the middle by using copper tapes so that a stable ΔT could be created 

across the sample. At the same time, three separate Keithley digital multimeters were connected 

to continuously record the sample resistance, the Seebeck voltage generated across the sample, 

and the resistance of two Pt-100 RTDs. All the data were acquired simultaneously by the 

custom-made LabView data acquisition program. The custom-designed hardware and software 

data acquisition system was developed here for the semi-automatic data acquisition and 

analysis. As the resistance of the Pt-100 RTD was directly proportional to the temperature, the 

resistance data of both Pt-100 RTDs were recorded simultaneously by two Keithley 196 digital 

multimeters for the temperature measurement. A Keithley 2002 digital multimeter was used for 

the generated Seebeck voltage (∆V) and sample resistance (R) measurement. These multimeters 

were all connected to the computer via GPIB interface, and the collected raw data was then 

processed via a LabVIEW program. By varying the temperature across the TE sample, the 
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temperature gradient (ΔT) was measured by the Pt-100 RTDs, while the voltage difference (ΔV) 

generated by the sample was measured by a voltmeter. The Seebeck coefficient (S) is defined 

by the equation S = – ΔV/ΔT, where the S value can be calculated by analysing the linear 

regression slope of the ΔV-ΔT curve. Here, the linear fitting for the ΔV-ΔT curve was computed 

and averaged to find the best possible fit with the aid of Origin software (Version 8.1) in Figure 

3.12 (d). The electrical conductivity (σ) is expressed as σ = L/(R.A), where L is the length 

between two ends of the sample, R is the resistance, and A is the cross-section area.  

 

Figure 3.12 (a) Enlarged view of the AJ-printed TE pattern with a meandering structure, and 

(b) schematic drawing of the sample preparation for the in-plane Seebeck coefficient and 

electrical conductivity measurement. (c) Annotated photograph of the in-house designed 

measurement setup, where the enlarged image shows more details of the setup and the 

AJ-printed TE sample. (d) The linear fitting curve for the Seebeck coefficient calculation.  
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3.7.2 Strip Structure 

For larger scale TE applications, such as hot water pipes, a strip-shaped pattern with 

dimensions of 20 mm in length and 2 mm in width was designed and fabricated by the AJP 

technique, as depicted in Figure 3.13. Since both S and σ are temperature-dependent TE 

properties, the PF is also temperature-dependent, i.e. PF (T). In order to obtain the highest 

power output and overall energy conversion efficiency of the TEG, appropriate material 

composition should be selected locally to achieve a desired PF response across the entire 

temperature range of the used TE material. To achieve this, different PEDOT:PSS-based TE 

nanocomposites loaded with different ratios of inorganic components (including Bi2Te3 

nanoparticles, MWCNTs, and Sb2Te3 nanoflakes), were fabricated and measured to ascertain 

how these loaded nano-inclusions contribute to the final TE properties of the resulting 

nanocomposite structures as a function of the temperature.  

 

Figure 3.13 (a) Schematic of the AutoCAD-designed strip-shaped structure for 

temperature-dependent TE property measurements, and (b) photograph of the experimentally 

fabricated 5-layer TE nanocomposite on a PI sheet by the AJP method.  

Similar to the TE measurement setup discussed in Figure 3.12, a modified setup for the 

temperature-dependent TE property measurement was built, as illustrated in Figure 3.14. The 

AJ-printed TE sample, as shown in Figure 3.13 (b), was fixed on top of two Peltier modules 

and laterally along the temperature gradient direction, with the edges thermally contacted with 

two Pt-100 RTDs for the real-time temperature recording as well as electrically connected with 

conducting copper wires for the Seebeck voltage and sample resistance measurement. Also, 

the entire test bench was situated in a sealed plastic box to ensure the minimisation of ambient 
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thermal noise as well as the prevention of heat dissipation, while the measurement was 

underway. Lastly, the same data acquisition system in combination with two Keithley 

196 digital multimeters and a Keithley 2002 digital multimeter, as described in the above 

Section 3.7.1, was used to collect and analyse the semi-automated data for sample temperature, 

Seebeck voltage, and sample resistance measurements. The temperature of the sample was 

varied by the applied temperature of the hot plate and/or the water-cooling system underneath 

the measurement setup.  

The S and σ values of different PEDOT:PSS-based nanocomposite samples were measured 

by using the same test setup and approach, as described in above Section 3.7.1, as a function 

of the sample temperature, ranging from 293K to 363K. The error bars were calculated from 

the measured values of two repeated measurements for the same material composition sample. 

In this work, the thermal conductivity was not measured due to the lack of a proper 

measurement setup in the author’s lab for these thin-film structures. Hence, in the absence of 

thermal conductivity data, the power factor (PF) provides an alternative way to evaluate the 

potential energy-conversion performance of these AJ-printed structures.  

 

Figure 3.14 (a) Schematic drawing of the temperature-dependent Seebeck coefficient and 

electrical conductivity measurement technique. (b) Annotated photograph of the in-house 

designed measurement setup, where the enlarged image presents more details of the setup and 

the AJ-printed TE sample.  
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3.7.3 Serpentine Structure  

In this study, serpentine geometry or winding shape was incorporated to achieve 

stretchability in the TEG. The intrinsic stretchable nature of the serpentine structure allows the 

TEG to conform to complex non-flat surfaces, thereby ensuring excellent thermal contact with 

the heat source. An out-of-plane design is also proposed as an architectural solution to 

overcoming the design challenge of the inefficient use of the in-plane temperature gradient, 

whereby the TE material can be aligned towards the out-of-plane heat flow direction. Two 

different serpentine patterns were hence designed, as illustrated in Figure 3.15, for harvesting 

thermal energy with different heat flow directions: (a) in-plane and (b) out-of-plane. For the 

AutoCAD design, each printing pattern consisted of multiple connected parallel 

winding-shaped lines with a small shift of around 20 µm in between each line, to build a wide 

enough yet structurally stretchable structure. The unit TE leg length of the in-plane structure 

was ~58 mm with a constant curvature, while the out-of-plane structure was ~7.6 mm, in which 

individual TE legs were alternately connected in series by Ag electrodes. The width of the 

structure could be controlled by the number of parallel lines designed in the pattern, while the 

thickness could be determined by the number of printed layers (i.e. multiple printing cycles 

piled on top of one another).[159] 

 

Figure 3.15 Schematic of AutoCAD-designed serpentine structures for stretchable TEG 

applications with (a) in-plane and (b) out-of-plane heat flow direction, respectively.   
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The TE performance of these stretchable TEGs under different imposed mechanical 

conditions was evaluated by the bespoke stretchability measurement setup, as illustrated in 

Figure 3.16. A linear motor (LinMot) was used here to control the mechanical deformation of 

the stretchable TE structure. It consists of two parts: the slider and the stator. With the aid of 

an internal position capture sensor and a microprocessor circuit, the real-time position can be 

measured and monitored when it is stopped or during motion. Also, it can provide either manual 

or programmed linear displacements at a minimum step distance down to 0.1 mm with precise 

control of both the travel speed and the acceleration. 

Figure 3.16 (b) demonstrates the measurement setup for the in-plane structure. The 

in-plane stretchable TE structure was both electrically and physically connected via two copper 

sticky tapes at each end, which was mounted on top of two temperature-controlled Peltier 

modules attached to the linear motor and the fixed stage, respectively. The copper conducting 

tapes utilised here also served to make good thermal contact between the sample and the Peltier 

modules. Silver paint was then applied on both ends of the sample to form electrical contacts 

with external multimeters, as well as to make thermal contact with the Peltier modules. Finally, 

thin copper wires were used to form electrical contacts with the sample for the electrical 

characteristic measurement. A thermal gradient was created along the TE element through the 

copper tapes and the Peltier modules. Two Pt-100 RTDs were attached on top of the copper 

tapes to measure the applied temperature on the hot and cold ends. The Peltier modules were 

connected to two DC power sources, respectively, so that the top surfaces of both the Peltier 

modules could get either heated or cooled to create a steady in-plane ΔT across the TE structure. 

The data acquisition and analysis were performed using the same system detailed in Section 

3.7.1, and the electrical characteristics were evaluated under different strain deformations.       

For the out-of-plane measurement setup presented in Figure 3.16 (c), it was modified from 

the above in-plane measurement setup, where the stage for holding the sample was rotated. The 

out-of-plane stretchable TE structure was clamped by glueing it onto two conducting copper 

tapes with silver paint. A Peltier module was placed underneath so that all TE legs could be 
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thermally contacted in parallel with the heated surface of the Peltier module to form an out-of-

plane heat flow. Subsequently, the real-time temperature values across the sample were 

monitored by thermal imaging using a compact thermal imaging camera (FLIR C3). The 

infrared thermal imaging camera has a temperature sensitivity of 0.1 oC and a thermal 

resolution of 4800 pixels. The thermal imaging camera was calibrated by a commercial Pt-100 

thermometer before being used for the subsequent temperature measurement. However, the 

thermal imaging camera was not capable of continuous data acquisition, hence, the S value was 

not measured here. Instead, the voltage and power outputs generated from the TE structure 

under different applied temperature gradients as well as mechanical strains were measured for 

comparison. Lastly, the substrate-based stretchable TEGs encapsulated with the PU or PDMS 

elastomers were also characterised, as illustrated in Figure 3.16 (d).  

 

Figure 3.16 (a) Schematic illustration of the TE measurement technique for the in-plane 

stretchable structure. (b) Annotated photograph depicting more details of the in-house 

developed stretchability measurement setup for the in-plane structure. (c) Annotated 

photograph showing the stretchability measurement setup for the out-of-plane structure. (d) 

The stretchability measurement setup for the substrate-based stretchable TEG, which was 

encapsulated within PU or PDMS elastomers.   
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3.8 Mechanical Tests 

Thus far, there has been a considerable number of reports on the enhancement of PF or ZT 

values in existing classes of thermoelectrics,[17,75,84,93,234] but the mechanical flexibility 

and robustness of these TE materials, when incorporated into practical applications, remain 

relatively under-reported in the literature. To address this issue, the author devised different 

rigorous mechanical tests, such as flexibility test, fatigue test, and stretchability test on different 

AJ-printed flexible and/or stretchable TE structures. Their mechanical stability and flexibility 

were further quantified under different bending radii, as well as their robustness and durability 

under prolonged flexing or stretching cycles, as described in the following sections.  

3.8.1 Flexibility Test 

A simple manual bending test on AJ-printed TE nanocomposites was implemented to 

assess their TE properties under various bending radii, as presented in Figures 3.17 (a) - (c). 

Further rigorous flexing tests were subsequently conducted on them to estimate their operation 

range. The samples were bent by being mounted on different surfaces having different 

curvatures, such as beaker, test tube, and pen, as shown in Figures 3.17 (d) - (g), and their 

room-temperature electrical resistance values were measured simultaneously.  

 

Figure 3.17 Photographic images of the AJ-printed TE nanocomposite being flexed and/or bent 

at different deformations: (a) unbent, (b) half bent, and (c) fully bent. (d) Schematic illustration 

of a rigorous way of flexing the sample, where the sample was subjected to a beaker or a test 

tube with different bending radii: (e) 35 mm, (f) 18 mm, and (g) 5.3 mm. 
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3.8.2 Fatigue Test 

A manual bending test (see Figures 3.18 (a) - (c)) was initially conducted to estimate the 

mechanical flexibility and stability of AJ-printed nanocomposite structures. Subsequently, a 

more extensive, continuous, and long-cycle bending fatigue test was conducted by using a 

linear motor to fully understand the TE performance and fatigue limit of AJ-printed 

nanocomposites. The nanocomposite samples were subjected to up to 36,000 flexing cycles, 

i.e. 60 hours of continuous testing at a frequency of 0.15 Hz, as presented in Figures 3.18 

(d) - (f). The used linear motor here could give better control of the compressive/tensile stresses 

and the number of flexing cycles. The electrical resistance change with time was measured 

during different mechanical tests. The fatigue test setup here is akin to the schematic in 

Figure 3.16 (a) with slight modifications on the sample mounting and the data acquisition 

program. 

 

Figure 3.18 Flexing test on the AJ-printed TE nanocomposite under simple hand-bending at 

different degrees: (a) flat, (b) lower, and (c) higher degree. Fatigue test on the AJ-printed TE 

nanocomposite under the application of periodic compressive stress, where a linear motor is 

used to control the process. Different stages of the sample deformation are shown: (d) unbent, 

(e) half bent, and (f) fully bent.  
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3.8.3 Stretchability Test 

The stretchability of the free-standing stretchable TE structure was assessed by measuring 

the resistance change as well as the voltage and power outputs in a four-probe two-terminal 

configuration, while uniaxially stretching the sample at different strain (%) by using a linear 

motor, as demonstrated in Section 3.7.3. As an example, the extensions of the stretchable TE 

structure at different strains produced by the linear motor are presented in Figure 3.19. 

Subsequently, a rigorous cyclic stretching test, i.e. fatigue test, was carried out on the 

stretchable TE structures to evaluate their mechanical robustness. The stretchable TE structures 

were periodically stretched till 50% of their original length along the uniaxial direction, and 

then released. They were subjected to up to 20,000 stretching cycles, i.e. 40 hours of continuous 

testing at a frequency of 0.15 Hz (i.e. at a rate of 9 cycles/min). 

 

Figure 3.19 Stretchability test on AJ-printed free-standing stretchable TE structures with the 

in-plane structure under tensile stress at different strains: (a) 0%, (b) 50%, and (c) 100%; and 

with the out-of-plane structure at different strains: (d) 0%, (e) 50%, and (f) 100%.  
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3.9 Finite Element Analysis  

Finite element analysis (FEA) is a useful means to rationalise and elucidate experimental 

data and phenomenon. In particular, it is an essential tool when developing new products or 

optimising design. Thus, COMSOL simulation and ABAQUS simulation have been conducted 

in this work, as discussed in greater detail in the following sections.   

3.9.1 COMSOL Simulation 

COMSOL simulation has been conducted by using a commercial software COMSOL 

Multiphysics (Version 5.2a) to simulate the TE performance and the temperature distribution 

profile of AJ-printed TE nanocomposite. To define the temperature variation throughout the 

AJ-printed TE nanocomposite, the Heat Transfer in Solids physics interface was used. The 

Electric Currents physics interface was also applied to calculate the electric field, current, and 

potential distribution. Finally, in order to couple the thermal and electrical behaviour of the 

model, the Thermoelectric Effect Multiphysics module was utilised for modelling the Seebeck 

voltage generation. The modelling geometry was built according to the experimental conditions 

(see Section 3.7). Some assumptions have been made here to simplify the simulation model: 

(1) the system is at the steady state; (2) the TE legs do not exchange radiation or reflections 

with themselves or with the heat source; (3) the material characteristics are independent to 

temperature and homogeneous in each position; (4) the temperature, heat flow, and electrical 

current flow are uniform across the cross-section of the TE leg; (5) the TE leg is discretised in 

the z-direction into a thin slice to calculate the thermal and electrical distribution; (6) there is 

no additional material at the interfaces.[179] 

Moreover, the COMSOL simulation on the temperature distribution of different AJ-printed 

TE nanocomposites was performed for the device structure design of compositionally graded 

thermoelectric composites. The boundary position between different segments within a TE leg 

was determined. This will be further discussed in Chapter 6. 
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3.9.2 ABAQUS Simulation 

To ascertain the root causes of the high stretchability and mechanical robustness exhibited 

in the stretchable serpentine structures, ABAQUS simulation has been performed to simulate 

and predict the mechanical deformation and local strain distribution within these serpentine 

structures, when being uniaxially stretched to 50% along the x-axis. In this model, one end of 

the stretchable TE structure was fixed in all directions, and the other end was moved along the 

in-plane direction to 50% extension of its original length. For the ease of ABAQUS simulation, 

only the middle part with 3 repeated serpentine units was selected here as a representative of 

the whole serpentine structure to investigate its strain distribution when being stretched. Two 

different serpentine structures, i.e. in-plane and out-of-plane, as discussed in Section 3.7.3, 

were compared here. The width and length values of different components were determined 

from the AutoCAD design patterns, while their thickness values were obtained from the 

experimental measurement results in Section 7.1. The refined meshes ensured the 

computational accuracy by using a commercial software ABAQUS (CAE 2016). The 

hexagonal mesh size was calculated to be 0.04 mm for the in-plane structure and 0.08 mm for 

the out-of-plane structure, respectively. The material properties utilised in the ABAQUS 

simulation are summarised in Table 3-5.  

Table 3-5 Summary of different material properties adopted in the ABAQUS simulation.  

Material 
Density 

(x 10-9 ton/mm3) 

Young’s modulus 

(x 103 MPa) 

Poisson’s 

ratio 

Width 

(mm) 

Thickness 

(mm) 

PI, // [204] 1.42 2.5 0.27 0.11 0.03 

PEDOT:PSS, // [235] 1.01 2 0.34 0.11 0.005 

PI, ┴ [204] 1.42 2.5 0.27 0.32 0.015 

PEDOT:PSS, ┴ [235] 1.01 2 0.34 0.17 0.004 

Ag, ┴ [204] 1.05 69 0.37 0.09 0.005 

Note: // is the in-plane structure; ┴ is the out-of-plane structure. The unit ‘ton’ represents tonne. 
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3.10 Thermoelectric Generator Fabrication 

3.10.1  Flexible Thermoelectric Coasters 

Conventional TEGs comprise several vertically aligned 3D bulk legs that are electrically 

connected in series by metallic contacts and thermally connected in parallel between two 

ceramic substrates, where the vertical heat flow is along the TE legs, as detailed in 

Section 2.5.[60] However, since most organic and/or solution-processed inorganic materials do 

not benefit from such geometrical configuration, in this work, a 2D device architecture with a 

lateral heat flow is purposed to exploit the possibility of printing flexible TEGs.[134]  

Two different prototypes of flexible thermoelectric coasters, as illustrated in Figure 3.20, 

were fabricated by the AJP method, with inks comprising PEDOT:PSS polymer and Sb2Te3 

particles. The advanced printing technique allowed the ease of fabricating lightweight and 

flexible TEGs and offered the possibility of large-scale production with little material wastage. 

To construct a working TEG module, individual TE legs should be electrically connected in 

series to add up their voltage outputs, and thermally connected in parallel to make full use of 

the ΔT across them. Ag-nanoparticle-based ink was AJ-printed here to form electrical 

interconnections, by virtue of its high electrical conductivity, low sintering temperature, as well 

as excellent physical and chemical stability over a broad operating temperature range.[1] 

For the parallel-connected mode shown in Figures 3.20 (a) and (b), 340 p-type 

Sb2Te3-PEDOT:PSS nanocomposite arrays were AJ-printed on a 15cm x 15cm flexible PI sheet 

as TE legs, and two conducting Ag circular lines were AJ-printed on both ends of individual 

TE legs as electrical interconnects to electrically connect them in parallel. For the 

series-connected mode presented in Figures 3.20 (c) and (d), conducting Ag lines were 

AJ-printed as electrodes in between individual TE legs to join them electrically in series. It 

should be noted that these Ag electrodes were AJ-printed prior to the printing of TE 

nanocomposites, due to the higher curing temperature of Ag ink (cured at 200 °C). After curing 

the Ag electrodes, the TE legs were aligned and AJ-printed on top of then via the AJP technique.  
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Figure 3.20 Photographic images of the 5-layer AJ-printed (a) parallel-connected and 

(c) series-connected TE nanocomposite arrays for the fabrication of flexible thermoelectric 

coasters. Schematic representation of AutoCAD-designed patterns for (b) parallel-connected 

mode and (d) series-connected mode, respectively.   
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3.10.2  Compositionally Graded Thermoelectric Generators 

A home-built measurement setup, as illustrated in Figure 3.21, was designed for measuring 

the voltage generated by a TEG sample with a constant ΔT applied along the lateral direction. 

The compositionally graded thermoelectric generators (CG-TEGs) were designed, assembled, 

and tested by connecting them to a resistance decade box (TENMA), to determine their 

maximum power outputs via impedance matching across various external load resistors, under 

a constant applied ΔT ~70 K. These AJ-printed TEGs could be viewed as thermal batteries, 

where the electromotive force was the Seebeck voltage ΔV = -SΔT. The external load resistance 

(RL) was varied from 1 Ω to 1 MΩ, and the voltage outputs across them were measured via a 

Keithley 2002 digital multimeter. The power output was calculated by P = (ΔV)2 / RL. The 

maximum power output (Pmax) was achieved when the internal sample resistance (RS) equalled 

the external load resistance, i.e. RS = RL. Thus, Pmax = n(ΔV)2/4RS = nS2(ΔT)2/4RS, where n is 

the number of TE legs connected in series, S is the Seebeck coefficient, and RS is the resistance 

of the TEG. Since the power output per unit TEG is directly proportional to the square of ΔT, 

it is essential to ensure a constant ΔT applied in the tested samples. To achieve a consistent ΔT 

across the TE leg, two Pt-100 RTDs were attached on their edges so that the real-time 

temperature would be monitored and adjusted accordingly. Two Peltier modules were used to 

ensure a stable ΔT, where one was the heat source, while the other was the heat sink. 

 

Figure 3.21 (a) Photographic image of a home-built setup for the measurement of voltage and 

power output as a function of external load resistance. (b) Schematic diagram of the operation 

circuit for the measurement of voltage and power output of CG-TEGs.  
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3.10.3  Free-standing Stretchable Thermoelectric Generators 

The schematic in Figure 3.22 illustrates the fabrication processes of the free-standing 

stretchable TE structure by using the AJP technique. A pre-coated sacrificial layer was 

incorporated into the single-layer or multilayered TE structures, which could be fully removed 

after curing to produce a free-standing structure. It comprises four major steps: sacrificial layer 

preparation, film printing, film curing, and film lift-off. These individual steps will be 

elaborated in the following sections.  

 

Figure 3.22 Schematic showing fabrication processes of the free-standing stretchable TE 

structure via the AJP method. (Figure reproduced from the author’s work [159]. (CC BY 4.0)) 

(i) Sacrificial Layer Preparation and Film Lift-off 

For the selection of sacrificial layer, two different types of sacrificial materials were 

investigated, as shown in Table 3-6 and Figures 3.23 (a) - (d): (1) polyvinyl alcohol (PVA) 

coated glass substrate; (2) aluminium (Al) foil substrate.  

(1) PVA-coated glass substrate: 5 wt.% of polyvinyl alcohol powder (PVA, 87-90% 

hydrolysed, average molecular weight 30,000-70,000, Sigma-Aldrich) was dissolved within 

DI water. Then, PVA solution was spin-coated on an ethanol-cleaned glass substrate at a speed 
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of 500 rpm for 60 seconds by a spin-coater (Laurell). It was fully dried at 80 oC for 1 hour to 

form a thin sacrificial layer (c.a. 400 nm in thickness), which served as a temporary substrate 

for hosting the AJ-printed pattern prior to the lift-off process, and to be subsequently dissolved 

at the later lift-off stage. It was found that the deposited PVA film could promote the wetting 

behaviour of PI and PEDOT:PSS inks, which largely improved their printing quality. For the 

film lift-off process, the as-printed sample was immersed in a petri-dish filled with DI water 

for 10 hours at room temperature to completely dissolve the PVA sacrificial layer between 

AJ-printed stretchable structures and the glass substrate. As illustrated in Figure 3.22, the 

stretchable structure was freed from the glass substrate.  

(2)  Al foil substrate: unlike the PVA-coated glass substrate, the PI and PEDOT:PSS inks 

could be directly AJ-printed on the Al foil substrate without introducing additional sacrificial 

layer, as the Al foil itself could be used as a sacrificial material. In this case, the same film 

printing and film curing processes were followed as above. However, for the film lift-off stage, 

the as-printed sample was immersed into phosphoric acid solution (H3PO4, 40 wt.% in H2O, 

Sigma Aldrich) for 20 hours at room temperature to fully dissolve the Al foil. After that, the 

free-standing structure was released and then rinsed with DI water several times to remove the 

remaining H3PO4. It should be noted that the PEDOT:PSS is chemically resistant to both strong 

acid solutions and polar solvents, but the PI is not.[236,237] The higher the concentration of 

the acid, the faster the degradation process of the PI.[236] As a result, some strong acid 

solutions, such as hydrochloric acid (HCl) and sulfuric acid (H2SO4) cannot be used here. If 

the PEDOT:PSS-based nanocomposites as developed in Chapters 4 and 5 were used here, these 

strong acid solutions would dissolve the Bi2Te3 and Sb2Te3 metallic alloys.[238] An additional 

encapsulation layer might be required to protect them. In order to address these issues, diluted 

H3PO4 solution with the addition of imidazole was employed here to dissolve the Al foil while 

protecting other deposited materials from dissolving. The added imidazole could significantly 

improve the chemical oxidation stability of PI.[236] Additionally, H3PO4 solution could also 

largely enhance σ of the PEDOT:PSS by de-doping the PSS molecules, which is similar to the 

surface treatment via polar solvents, as discussed in Section 3.5.2.   
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After the lift-off stage, the obtained free-standing PEDOT:PSS structure was 

surface-treated for further improvement of its TE properties, as discussed in Section 3.5.2. As 

presented in Figures 3.23 (e) and (f), these free-standing and self-supported TE structures could 

be handled easily with tweezers or by hand, and also could be rolled into different curvatures 

or shapes. The out-of-plane serpentine structure as well as the multilayered structure were also 

fabricated following the same fabrication procedures, as discussed in the following sections. 

Table 3-6 Comparison of different sacrificial substrate materials for the fabrication of 

free-standing TE structure in this work. 

Substrate 
Sacrificial 

material 

Dissolving 

solvent 

Surface 

treatment 
Issue 

PVA-coated 

glass 
PVA Water EG 

• Time-consuming and multiple-step 

PVA-coated glass preparation. 

• Some polar solvents, e.g. DMSO can 

partially dissolve the PI layer.[237] 

Al foil Al 

Diluted 

H3PO4 + 

imidazole 

H3PO4 

• Some strong acids, e.g. HCl and 

H2SO4 can partially dissolve the PI 

layer.[236]  

 

 

Figure 3.23 Photographic images of AJ-printed (a) PI and (b) PEDOT:PSS films on the 

PVA-coated glass substrate as well as AJ-printed (c) PI and (d) PEDOT:PSS films on the Al 

foil substrate, respectively. The obtained free-standing TE structure could be (e) handled easily 

with tweezers or (f) rolled into different curvatures and shapes. Scale bar: 5 mm. 
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(ii) Film Printing and Film Curing 

At first, a PI film was AJ-printed on the as-prepared sacrificial layer (Al or PVA), patterned 

into the serpentine structure as a supporting layer for the subsequent active layer printing. Then, 

PEDOT:PSS films and Ag electrodes were AJ-printed on top of the deposited PI layer, 

following the same path but with a different number of printed layers. Since monolayers of 

PEDOT:PSS and Ag were quite rigid and fragile, they were prone to fracture when bent or 

stretched. However, by embedding them with the underlying PI supporting film, their overall 

mechanical stretchability and robustness could be substantially improved. For the enhancement 

of TE performance, the PEDOT:PSS film could be replaced by its nanocomposites, as 

developed in Chapters 4 and 5.  

Lastly, the as-printed sample was oven-cured at 130 °C for 12 hours to solidify the 

deposited materials and burn away any remaining solvents. The curing temperature was set 

comparatively low here, because higher temperatures might degrade the PEDOT:PSS polymer, 

and importantly might carbonise the sacrificial PVA layer that could affect the subsequent 

lift-off process. For the Al-foil substrate, there was no limitation on the curing temperature. 

Consequently, this could broaden the selection of active materials to include inorganic TE 

materials. Monolayers of PI, PEDOT:PSS, and Ag were directly AJ-printed on the Al foil to 

obtain the dimensions of a single-printed layer via the method described in Section 3.6.   

(iii) Multilayer Printing  

With the aid of the versatile AJP technique, multiple TE layers can be easily achieved by 

the automatic deposition process, which can remarkably reduce the fabrication complexity and 

ensure high production quality.[159] Considering the fabrication time, only a 3-layer 

AJ-printed stretchable TE structure is demonstrated here. More layers can be easily stacked up 

by properly designing the printing pattern. In this work, a multilayered structure was formed 

to enhance the final power output of the stretchable TEG. The Ag ink was alternately AJ-printed 

as electrodes to electrically connect with individual AJ-printed PEDOT:PSS TE legs in series 

while thermally connecting them in parallel. The schematic representation of AutoCAD-
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designed patterns in Figure 3.24 depicts the architecture of each layer, showing how each layer 

was AJ-printed and linked to add up the overall voltage and power outputs. Also, another PI 

film was AJ-printed on top to encapsulate the whole TE structure, which could be an effective 

approach to packaging these free-standing structures.[159] Figure 3.25 shows the photographic 

images of the single-layer structure and the 3-layer structure with out-of-plane design.  

 

Figure 3.24 Schematic of AutoCAD-designed patterns depicting the design structures for the 

3-layer stretchable structure with out-of-plane design. (a) is the first layer, (b) is the second 

layer, (c) is the third layer, and (d) is the final encapsulation layer. (e) The inset showing the 

cross-section of different stacked layers along the green dashed line. 

 

Figure 3.25 Photographic images of (a) the single-layer stretchable structure AJ-printed on the 

PVA-coated glass substrate, and (b) the free-standing TEG after being freed from the lift-off 

process, which could be handled easily with a tweezer. (c) The 3-layer stretchable structure 

was stacked into one whole free-standing TEG, with a protective PI layer encapsulated on top. 

(d) The inset showing the cross-section of different stacked layers along the green dashed line. 



100                                                     Chapter 3.   Materials and Methods                                                                                                                          

 

3.10.4  Substrate-based Stretchable Thermoelectric Generators  

Since Young’s moduli of soft elastomers, such as polydimethylsiloxane (PDMS) and 

polyurethane (PU) (EPDMS ~1 MPa[203] and EPU ~10 MPa[239]) are remarkably lower than 

that of PI, PEDOT:PSS, and Ag, as shown in Table 3-5, the PDMS or PU encapsulation can 

serve as a protective and supporting substrate to improve the mechanical robustness of 

AJ-printed TE materials, and also make the free-standing structures to be easier to 

handle.[159,204] Here, two different device structures were designed for the substrate-based 

stretchable TEG fabrication, as illustrated in Figure 3.26. PEDOT:PSS films formed TE legs, 

Ag electrodes provided electrical contacts, and PDMS or PU elastomers offered stretchable 

substrates. In order to achieve a higher power output, a number of TE legs were connected 

electrically in series and thermally in parallel with out-of-plane design. It was found that the 

serpentine structure could be stretched along all directions, i.e. horizontal, vertical, or diagonal 

directions. In comparison, a strip-shaped structure could only be stretched along the horizontal 

direction. Moreover, two different approaches to embedding PEDOT:PSS films and Ag 

electrodes within PDMS or PU elastomers were exploited as follows.  

 

Figure 3.26 Schematic showing the AutoCAD-designed patterns of (a) serpentine structure and 

(b) strip structure for substrate-based stretchable TEGs with out-of-plane design. 

(i) Printing on Elastomer Substrate 

Firstly, PDMS solution was prepared by blending the pre-polymer (Sylgard 184 Silicone, 

Dow) with a curing agent using a weight ratio of 20:1, followed by stirring until a homogeneous 

mixture was achieved. The mixture was subsequently vacuum-treated for 10 minutes to reach 

a bubble-free state. PDMS solution was drop-cast on a glass substrate, which was then cured 
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at 80 oC for 30 minutes for solidification. For PU solution, it was prepared by dissolving PU 

beads (Elastollan Soft) within N,N-dimethylformamide (DMF, Sigma Aldrich) solvent at 

20 wt.%. Finally, PU solution was drop-cast on a glass substrate and cured at 80 oC on a hot 

plate to remove DMF solvent as well as to solidify the PU polymer. Once DMF solvent was 

fully evaporated, a subsequent deposition was carried out. A total of five layers were 

drop-casted here to build up the thickness of the PU layer.  

Following the design patterns in Figure 3.26, p-type PEDOT:PSS TE legs and Ag 

electrodes were directly AJ-printed onto stretchable PDMS or PU substrates. They were cured 

together at 130 oC for 12 hours to obtain the electrical connection. Subsequently, a PDMS 

encapsulant was spin-coated on top of the previously printed layer through a PI-tape-based 

shadow mask. Due to the high viscosity of PDMS solution, PDMS could not be directly printed 

via the AJP method, and it could only be deposited via spin-coating or drop-casting method. 

For PU solution with much lower viscosity, a PU encapsulant could be AJ-printed with 

excellent control of the dimensions and positions of the printed film. Lastly, these encapsulated 

samples were cured at 80 oC for 2 hours. After solidification, these PDMS-based or PU-based 

stretchable TEGs could be easily peeled off from the glass substrate manually. However, there 

existed some problems in these substrate-based stretchable TEGs, which will be discussed in 

more detail in Chapter 7.  

(ii) Drop casting with Elastomer Encapsulant  

Another approach to encapsulating AJ-printed PEDOT:PSS films and Ag electrodes is 

proposed here to overcome some of the issues that occurred in the above approach. At first, 

PDMS or PU solution was drop-cast onto a glass substrate to form a thin layer. Then, the 

free-standing stretchable TEG fabricated in Section 3.10.3 was placed on top of the pre-coated 

PDMS or PU films with the connection of external copper wires for the TE property 

measurement. After that, a subsequent PDMS or PU encapsulant was drop-cast on top to fully 

encapsulate the whole TEG. Once cured at 80 oC on a hot plate, these encapsulated stretchable 

TEGs could be peeled off from the glass substrate and handled easily by hand or by tweezers. 
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3.10.5  Stretchable Compositionally Graded Thermoelectric Generators  

In order to demonstrate the feasibility of incorporating the CG-TEC concept with the 

stretchable structure, a stretchable CG-TEG was designed and fabricated, as shown in Figure 

3.27. The free-standing stretchable CG-TEG was comprised of 15 wt.% Bi2Te3-PEDOT:PSS 

nanocomposite (the left part) and PEDOT:PSS (the right part), according to the results 

discussed in Chapter 6.  

 

Figure 3.27 (a) Schematic representation of AutoCAD-designed pattern and (b) photographic 

image of the stretchable CG-TEG design structure, which was comprised of 15 wt.% Bi2Te3-

PEDOT:PSS nanocomposite (the left part) and PEDOT:PSS (the right part). (c) The obtained 

free-standing stretchable CG-TEG could be handled easily with a tweezer. 



  

 

 

 

Chapter 4     

Bi2Te3/Sb2Te3-based Thermoelectric 

Nanocomposites 

In this chapter, the author brings together all the work related to the fabricated Bi2Te3 and 

Sb2Te3 nanomaterials as well as the resulting TE nanocomposites and TEGs. Firstly, the 

morphology and crystallinity of Bi2Te3 and Sb2Te3 nanomaterials fabricated by various 

approaches have been characterised. Then, printable inorganic inks have been developed in 

combination with the PEDOT:PSS polymer for the fabrication of flexible TE nanocomposites. 

The AJP technique has been employed to print these bespoke inks, and the effect of 

nanoparticulate inclusions on the obtained TE properties has also been ascertained. In order to 

systematically study the mixed compositions, a novel in situ mixing method has been 

developed, which has shown to be an effective way of enhancing both S and σ, and hence the 

overall PF in formed nanocomposites. Their morphological, microstructural, thermoelectric 

and mechanical properties have been comprehensively studied as a function of the loading 

fraction of inorganic components to identify optimum compositions and printing conditions for 

the enhancement of PF. Finally, the feasibility of these AJ-printed nanocomposites for 

applications in flexible TEGs has been directly demonstrated through rigorous flexing testing. 

Some parts discussed here have been published in “Fully Printed Organic-Inorganic 

Nanocomposites for Flexible Thermoelectric Applications”. ACS Applied Materials & 

Interfaces, 2018, 10 (23), 19580,[25] and they have been adapted from that text with granted 
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Copyright permission. It should be noted that the author performed all the experiment works 

and data analysis with the help of other co-authors of the paper.   

4.1 Nanomaterial Characterisation  

4.1.1 Hand-ground Bi2Te3 and Sb2Te3 Particles 

The SEM micrographs in Figures 4.1 (a) and (b) show that Bi2Te3 and Sb2Te3 particles at 

the microscale or even nanoscale size could be simply and quickly fabricated by hand grinding 

commercially purchased powders. However, since this approach had less control of the 

grinding process, the obtained particles exhibited a very wide size distribution with an average 

particle size of ~644 (±623) nm and ~504 (±398) nm for Bi2Te3 and Sb2Te3, respectively. The 

EDX analysis was performed on these hand-ground powders to ascertain their compositions. 

According to their representative EDX spectrum presented in Figures 4.1 (c) and (d), the 

compositional analysis shows that the actual ‘Bi’ and ‘Te’ atomic concentration in Bi2Te3 were 

53.05% (±0.6) and 46.95% (±0.6) (Bi : Te ≈ 3.39 : 3), respectively, while the actual ‘Sb’ and 

‘Te’ atomic concentration in Sb2Te3 were 39.46% (±1.3) and 60.54% (±1.3) (Sb : Te ≈ 1.95 : 3), 

respectively. The hand-ground Bi2Te3 possessed much higher ‘Bi’ at.% than the stoichiometric 

amount. This might be ascribed to the contain of some impurities and/or secondary phases, 

such as Bi2O3 or Bi clusters detected by the XRD analysis, which also contributed to the n-type 

behaviour of Bi2Te3. On the other hand, the hand-ground Sb2Te3 was nearly stoichiometric with 

slightly less ‘Te’ at.% and without evident detectable impurities or secondary phases, thereby 

showing p-type behaviour. The XRD results in Figures 4.1 (e) and (f) also confirm that this 

hand-grinding process did not influence the crystal structure of Bi2Te3 and Sb2Te3, but only 

reduced their particle size in a mechanical way. The average crystallite sizes of Bi2Te3 and 

Sb2Te3 particles were calculated to be ~297 (±89) nm and ~249 (±76) nm, respectively, by 

Debye-Scherrer equation as expressed in Equation 3-1. It was found that their calculated 

crystallite sizes were much smaller than their particle sizes, which indicated the polycrystalline 

microstructure of these commercially procured powders.   
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Figure 4.1 SEM images of hand-ground (a) Bi2Te3 and (b) Sb2Te3 particles, respectively. EDX 

analysis of hand-ground (c) Bi2Te3 and (d) Sb2Te3 particles, respectively. XRD analysis of 

hand-ground (e) Bi2Te3 and (f) Sb2Te3 particles, respectively.  
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4.1.2 Ball-milled Bi2Te3 and Sb2Te3 Particles 

Figures 4.2 (a) and (b) present the SEM micrographs of Bi2Te3 and Sb2Te3 particles 

obtained from the ball milling process. It can be seen that these ball-milled particles were 

strongly aggregated with a wide size distribution. The average particle sizes of Bi2Te3 and 

Sb2Te3 were estimated to be ~409 (±298) nm and ~378 (±278) nm, respectively. This 

agglomeration phenomenon might be attributed to the fact that metallic alloys or intermetallics 

were highly prone to suffering from the cold-welding issue, whereby the resulting particles 

could be easily welded together into large clusters during the ball-milling process.[1] As shown 

in Figures 4.2 (c) and (d), the XRD results of these ball-milled powders reveal that there was 

minority impurity phase detected within these particles, which might be attributed to the 

contain of some impurities and/or secondary phases produced during the ball milling process, 

such as Bi2O3 or Bi clusters. This shows that the ball milling process did not affect their 

crystalline structures. The calculated crystallite sizes of these Bi2Te3 and Sb2Te3 particles were 

~139 (±23) nm and ~164 (±27) nm, respectively. Their particle sizes were found to be much 

larger than their crystallite sizes, which might be ascribed to the agglomeration issue. 

Compared with their hand-ground counterparts, smaller crystallite sizes and particle sizes were 

obtained via this fabrication method. Another obvious advantage of this ball-milling approach 

is that a substantial amount of powders could be produced with less production time and human 

involvement (yielding 10 g of powder from each milling jar). This approach therefore is 

favoured for large-scale production of TEGs. However, the major drawback of this ball-milling 

method is that the agglomeration issue could largely limit these particles to be prepared into 

printable inks, where fine particle-size and well-dispersed are indispensable. Moreover, the 

high-temperature heat treatment conducted to remove residual solvents and surfactants could 

result in the oxidation and/or decomposition of Bi2Te3 and Sb2Te3 particles, thereby forming 

by-products e.g. oxides and significantly deteriorating their crystalline qualities and 

TE properties. As a result, the heat treatment was avoided here at the expense of some TE 

performance.   
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Figure 4.2 SEM images of ball-milled (a) Bi2Te3 and (b) Sb2Te3 particles, respectively. XRD 

analysis of ball-milled (c) Bi2Te3 and (d) Sb2Te3 particles, respectively. 

4.1.3 Solvothermal-synthesised Bi2Te3 and Sb2Te3 Particles 

The SEM images in Figures 4.3 (a) and (b) revealed that the as-synthesised Bi2Te3 with a 

spherical nanoparticle form exhibited an average particle size of ~129 nm and a size 

distribution of ± 49 nm, while Sb2Te3 nanocrystals were found to be randomly oriented in thin 

flake form with an average lateral diameter of ~534 nm and a size distribution of ± 281 nm. 

The flake-like structure was commonly observed in Sb2Te3 because of its inherent anisotropic 

and layered crystal structure.[72] As tabulated in Figures 4.3 (c) and (d), the EDX analysis 

reveals that the actual ‘Bi’ and ‘Te’ atomic concentration in Bi2Te3 were found to be 

41.1% (±2.2) and 58.9% (±2.1) (Bi : Te ≈ 2.1 : 3), respectively, while the actual ‘Sb’ and ‘Te’ 
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atomic concentration in Sb2Te3 was found to be 39.6% (±1.9) and 60.4% (±2.9) (Sb : Te 

≈ 1.9 : 3). By controlling the Bi/Te and Sb/Te ratio in the precursor solution, the synthesised 

composition could be adjusted. If Bi2Te3/Sb2Te3 were to be Bi-rich/Sb-rich or Te-deficient, the 

Bi/Sb would contribute to more hole carriers (h+) and exhibit p-type behaviour, or vice 

versa.[72] The solvothermal-synthesised Bi2Te3 possessed slightly more ‘Bi’ at.% than the 

stoichiometric amount, leading to Bi-rich material that was hole carrier dominated, while the 

Sb2Te3 was nearly stoichiometric. 

 

 

Figure 4.3 SEM images of solvothermal-synthesised (a) Bi2Te3 nanoparticles and (b) Sb2Te3 

nanoflakes, respectively. EDX analysis of (c) Bi2Te3 nanoparticles and (d) Sb2Te3 nanoflakes, 

respectively. (Figures taken from the author’s work [25]. (CC-BY)) 
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XRD studies in Figures 4.4 (a) and (b) presented that the diffraction patterns obtained here 

were quite similar to that of the above-discussed hand-ground and ball-milled powders, where 

(015) was the sharpest and most intense diffraction plane for both Bi2Te3 and Sb2Te3 as 

expected. There was negligible detectable impurity peak within the resolution limits of the 

XRD, showing that good crystalline quality was obtained. The XRD spectra of Bi2Te3 and 

Sb2Te3 were both indexed with rhombohedral symmetry (space group R-3m), and indicated an 

average crystallite size of ~201 (±53) nm and ~479 (±59) nm, respectively, as calculated by 

Debye-Scherrer equation.[227] These calculated crystallite sizes were within reasonable 

agreement with the average particle sizes estimated from the SEM micrographs, which suggests 

that this solvothermal synthesis approach had much better control of the morphology with a 

fairly uniform size distribution. The crystal structure of the as-prepared Bi2Te3 and Sb2Te3 

nanocrystals were investigated by the HRTEM, as shown in Figures 4.4 (c) - (f). Figure 4.4 (c) 

shows the polycrystalline nature of the Bi2Te3 nanoparticle, which was further revealed by the 

discontinuous lattice fringes oriented in the same direction in Figure 4.4 (e). The d-spacing of 

0.33 nm was in good agreement with the (015) inter-planer spacing of the Bi2Te3 nanoparticle. 

The hexagonal-shaped Sb2Te3 nanoflake, as presented in Figure 4.4 (d), exhibited more 

continuous lattice fringes compared to that of the Bi2Te3 nanoparticle. The lattice fringe spacing 

of 0.32 nm was also in agreement with the (015) lattice plane in the hexagonal Sb2Te3 nanoflake 

(see Figure 4.4 (f)). Due to the limit of the used TEM equipment, the selected area electron 

diffraction (SAED) pattern was not shown here.    
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Figure 4.4 XRD results of solvothermal-synthesised (a) Bi2Te3 nanoparticles and (b) Sb2Te3 

nanoflakes, respectively. TEM analysis of (c) Bi2Te3 nanoparticle and (d) Sb2Te3 nanoflake, 

where the enlarged HRTEM images reveal the lattice fringe patterns of (e) Bi2Te3 nanoparticle 

and (f) Sb2Te3 nanoflake. (Figures taken from the author’s work [25]. (CC-BY))  
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4.2 Inorganic Film Printing  

To start with, 20 wt.% of Bi2Te3 nanoparticles or Sb2Te3 nanoflakes was prepared into a 

printable ink by dispersing within DI water. For the preliminary printing test, Sb2Te3 nanoflakes 

were AJ-printed on a silicon substrate or a PI substrate via the pneumatic atomiser, as presented 

in Figure 4.5. Silicon substrate and PI substrate were selected here to compare the influence of 

different substrates on the printed line morphology. However, these AJ-printed lines were quite 

spread-out, and the deposited nanoflakes were likely to agglomerate on the edges, forming lots 

of isolated islands rather than a continuous dense film. This phenomenon might be attributed 

to the poor wetting behaviour on these substrates or the coffee-ring effect. In this regard, the 

printing conditions, such as the atomisation and focusing parameters, were modified to obtain 

the optimum printing quality. As a result, a significant improvement of the printed line quality 

was achieved in Figure 4.6. The Bi2Te3 nanoparticles and Sb2Te3 nanoflakes were successfully 

AJ-printed on a PI substrate with a line width of ~100 µm and ~80 μm, respectively, without 

requiring sophisticated surface treatments, e.g. oxygen plasma treatment. Although these AJ-

printed inorganic films seemed to be quite dense and uniform, some noticeable pores could be 

seen, which might contain some cracks and/or voids that could lead to the high electrical 

resistance or even electrical insulating. These discontinuities within AJ-printed films might 

stem from the curing process that could induce thermal shocks and/or the flexing of the 

substrate that could cause mechanical strains in their internal microstructures.[71] In order to 

solve this issue, a polymeric matrix was introduced to host and connect these inorganic 

inclusions so as to form an electrically conducting network, which will be discussed in the 

following sections.  
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Figure 4.5 SEM images of AJ-printed Sb2Te3 nanoflakes on (a) a silicon substrate and (b) a PI 

substrate before optimising the printing conditions, where the enlarged SEM images show more 

morphological features.  

 

 

Figure 4.6 SEM images of the 10-layer AJ-printed (a) Bi2Te3 nanoparticles and (b) Sb2Te3 

nanoflakes on a PI substrate after optimising the printing conditions, where the enlarged SEM 

images reveal more morphological features. 



Chapter 4.  Bi2Te3/Sb2Te3-based Thermoelectric Nanocomposites                        113                  

 

4.3 Organic Film Printing 

Since the pristine PEDOT:PSS film exhibits fairly poor electrical conductivity (σ < 1 S/cm), 

surface treatment is indispensable to improve its σ.[240] Before moving to the nanocomposite 

printing, some preliminary experiments have been conducted to probe into the feasibility of 

enhancing the TE performance of PEDOT:PSS. As presented in Figure 4.7, a dense and uniform 

PEDOT:PSS film was successfully AJ-printed via the ultrasonic atomiser. Different numbers 

of printed layers (from 5 to 15 layers) were also prepared to investigate their influence on TE 

properties. Considering the printing process time, the maximum number of printed layers was 

limited to 15 in this work. The charge carrier density of the 5-layer printed pristine PEDOT:PSS 

film was estimated to be ~1026 m-3 from the Hall-effect measurement in Appendix A.5, which 

was slightly lower than the reported values in the literature.[93,99] Consequently, the 

AJ-printed PEDOT:PSS film was surface-treated with different solvents: sulfuric acid 

(H2SO4, 20 vol.%, Sigma Aldrich), ethylene glycol (EG, 99.8%, Sigma Aldrich), and dimethyl 

sulfoxide (DMSO, 99.9%, Sigma Aldrich). As plotted in Figure 4.8, both EG and DMSO 

surface treatments had a beneficial effect on the enhancement of TE performance, compared to 

that of the untreated and treated with H2SO4 samples. While the number of printed layers did 

not affect their TE performance much. Among them, the 5-layer printed EG-treated 

PEDOT:PSS film exhibited the best performance, with S ~14.8 µV/K, σ ~96.9 S/cm, and PF 

~2.1 µW/(m.K2). Furthermore, the TE properties of different PEDOT:PSS solvents obtained 

from various chemical suppliers were summarised in Table 4-1. It was found that the σ value 

of PEDOT:PSS solvent supplied from the Heraeus Clevios PH1000 considerably surpassed the 

one from the Sigma-Aldrich, which was more than 4 times higher, with S ~17.1 µV/K, σ ~444.2 

S/cm, and PF ~12.9 µW/(m.K2). In this regard, the adopted supplier of PEDOT:PSS solvent 

would be a major contribution to the final TE performance of nanocomposite structures 

discussed in the following section. Although the obtained PF value of the AJ-printed 

PEDOT:PSS film in this work was comparatively lower than some of the very best results 

reported by Kim et al.,[93] it still compared favourably with some reported values based on 
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PEDOT:PSS solvent from similar chemical suppliers.[25,99,241] It should be pointed out that 

the work of Kim et al.[93] has not been reproduced by any groups yet.  

 

Figure 4.7 (a) Optical microscope image and (b) SEM micrograph showing the morphology 

of 5-layer printed pristine PEDOT:PSS film on a PI substrate. 

 

Figure 4.8 Thermoelectric measurements on (a) S, (b) σ and (c) PF of AJ-printed PEDOT:PSS 

films with different surface treatments and printed layers, where the PEDOT:PSS ink was 

provided from the Sigma Aldrich.  

Table 4-1 Comparison of TE properties of different EG-treated PEDOT:PSS films obtained 

from various chemical suppliers. 

Supplier S (μV/K) σ (S/cm) PF (μW/(m.K2)) Ref. 

Starck PH1000 63 ± 2.7 890 ± 21 353 [93] 

Clevios P  14.6 ± 0.3 211 ± 12 4.5 [99] 

Clevios PH1000  22.6 ± 0.8 1222 ± 82 69.2 [99] 

Sigma-Aldrich  14.8 ± 2.5 96.9 ± 5.3 2.1 ± 0.2  This work 

Heraeus Clevios PH1000 17.1 ± 1.5 444.2 ± 34.8 12.9 ± 1.6 This work 
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4.4 Conventional Composite Printing  

In order to obtain flexible high-performance TE nanocomposites, conducting polymer 

PEDOT:PSS or insulating polymer PVDF were employed in this work as the polymeric matrix 

with the incorporation of p-type TE nanostructured particles. At first, different blended 

solutions were prepared into printable inks, as summarised in Table 4-2. Different blended inks 

were magnetically stirred for 30 minutes, and then held still for 1 hour to investigate their 

miscibility. As can be seen from Table 4-2, the loaded particles were more likely to precipitate 

in the water-based solutions if not stirred. In this regard, a constant stirring is required to ensure 

a homogeneous suspension during the printing process. Various weight percentage (wt.%) of 

solvothermal-synthesised Bi2Te3 nanoparticles or Sb2Te3 nanoflakes (from 5 to 30 wt.% in 

nominal) were loaded into the PEDOT:PSS or PVDF solvents, respectively, to investigate the 

influence of the loaded inclusions on the morphological and TE properties of the resulting 

AJ-printed nanocomposites. It should be noted that the weight percentage (wt.%) discussed in 

this section represents the weight ratio of the loaded inorganic particles to the blended inks. 

Since both PEDOT:PSS and PVDF polymers are chemically inert over the potential 

temperature range used and they do not react with the loaded inorganic inclusions, they can 

therefore ideally serve as a protective matrix to prevent the embedded metallic alloys or 

semiconductors from oxidation.  

Table 4-2 Investigation on the miscibility of various solvents and particles in blended inks. 

Solvent and particle Bi2Te3 Sb2Te3 MWCNTs 

Water ↓ ↓ ↑ 

PVDF + NMP − − ↑ 

PEDOT:PSS + Water ↓ ↓ ↑ 

Note: ↓: sediment and leaving colourless solvent after 1 hour; ↑: floating and leaving colourless 

solvent after 1 hour; −: mixed and remaining coloured after 1 hour. 

Initially, the ultrasonic atomiser was used for a small amount of blended inks (2 mL). 
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However, it failed to atomise these inks, as the viscosity of blended inks exceeded the 

maximum atomisation ability of the ultrasonic atomiser, as previously discussed in Section 3.4. 

Consequently, the pneumatic atomiser was employed with the ink amount of 20 mL, by which 

these blended inks could be atomised and printed after some optimisation in the printing 

conditions. Nevertheless, due to the insufficient amount of synthesised Bi2Te3 or Sb2Te3 

nanomaterials, the high cost of PEDOT:PSS polymer, as well as the limited ink viscosity 

capacity of the atomiser, 30 wt.% was the maximum value that could be achieved here. If the 

loaded wt.% continued to increase, the mixed ink would become too viscous to be printed by 

the AJP method. As presented in Figures 4.9, 10 wt.% of Sb2Te3 nanoflakes were firstly 

AJ-printed with 1, 5, and 10 layers for comparison. Wider and thicker printed structures with 

denser packing of particles as well as fewer noticeable pores were obtained as the number of 

printed layers increased. The resulting thicknesses were estimated to c.a. 1-5 µm, as measured 

in Figure 4.10. As can be seen from Figure 4.11, both σ and PF increased with increasing 

number of printed layers, while the S slightly decreased. This might be due to the formation of 

denser nanocomposite structures as the number of printed layers increased. Considering the TE 

performance and the printing time, 10-layer printing was chosen for further investigation.  

 

Figure 4.9 Morphology comparison of (a) 1-layer, (b) 5-layer, and (c) 10-layer printed 

PEDOT:PSS-based nanocomposites loaded with 10 wt.% (nominal) Sb2Te3 nanoflakes. 
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Figure 4.10 Profilometer thickness measurements of (a) 1-layer, (b) 5-layer, and (c) 10-layer 

printed PEDOT:PSS-based nanocomposites loaded with 10 wt.% (nominal) Sb2Te3 nanoflakes.  

 

Figure 4.11 Thermoelectric measurements on (a) S, σ, and (b) PF of different printed layers of 

PEDOT:PSS-based nanocomposites loaded with 10 wt.% (nominal) Sb2Te3 nanoflakes. 

As shown in the SEM micrographs in Figure 4.12, wider and thicker printed structures 

with denser packing of particles were seen with increasing loaded wt.% of Bi2Te3 or Sb2Te3, 

but there still existed some visible pores on the surface. Both of their width and thickness values 

peaked at 30 wt.%, as presented in Figure 4.13, indicating that more material was deposited. 

However, owing to the substantially low amount of PEDOT:PSS polymer within the blended 

ink, the matrix materials were mostly formed of Sb2Te3 nanoflakes instead, and there was only 

a small amount of PEDOT:PSS films coating on the surface of deposited particles after being 

cured. Due to the lack of forming a 3D conducting network and the remarkably high contact 

resistance introduced at the interfaces, substantially low σ and PF values were obtained in these 

nanocomposite structures, although their S values gradually increased with increasing loaded 

wt.% of Sb2Te3, as summarised in Figure 4.14. In this conventional printing method, since the 

inorganic and organic components were simply blended into an ink solution for the printing, it 

was difficult to confirm the actual loading wt.% of Sb2Te3 particles within the formed 
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nanocomposite structures. Therefore, the nominal loaded wt.% discussed here represented the 

nominal loaded wt.% of inorganic particles within the blended ink solution rather than within 

the formed nanocomposite structures. As a result, the actual loaded wt.% of inorganic particles 

within the nanocomposites should be much higher than those nominal values owing to the very 

small amount of PEDOT:PSS polymer added into the mixed ink.   

 

Figure 4.12 Morphology and microstructure comparisons of 10-layer printed 

PEDOT:PSS-based nanocomposites loaded with different nominal wt.% of Bi2Te3 

nanoparticles from (a) 10 wt.%, (b) 20 wt.%, to (c) 30 wt.%, and with different nominal wt.% 

of Sb2Te3 nanoflakes from (d) 10 wt.%, (e) 20 wt.%, to (f) 30 wt.%, respectively. 

 

Figure 4.13 Width and thickness measurements of 10-layer printed PEDOT:PSS-based 

nanocomposites loaded with different nominal wt.% of (a) Bi2Te3 and (b) Sb2Te3, respectively. 
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Figure 4.14 Thermoelectric measurements on (a) S, σ, and (b) PF of 10-layer printed 

PEDOT:PSS-based nanocomposites loaded with different nominal wt.% of Sb2Te3 nanoflakes. 

Due to the time-consuming nature and the low yield of the solvothermal synthesis method, 

hand-ground or ball-milled Bi2Te3 and Sb2Te3 powders were also tried as substitutes for the 

investigation of producing flexible TEGs at a large scale, but at the expense of some TE 

performance. As shown in Appendix A.6, hand-ground submicron-size Sb2Te3 particles were 

employed for printing nanocomposite structures. Since the same printing conditions were 

applied, their printing quality was quite similar to that of solvothermal-synthesised counterparts. 

Nonetheless, some large chunks of particles were seen within these nanocomposites, which 

substantially deteriorated their TE performance. Moreover, since the commercially purchased 

Bi2Te3 particles used in this project were intrinsically n-type, they led to the cancellation of 

charge carriers with the p-type PEDOT:PSS polymer and resulted in a fairly low S value. Thus, 

they were not discussed in this project. Cheap but insulating polymer PVDF was also used here 

as the polymeric matrix for the comparison with PEDOT:PSS. As presented in Appendix A.7, 

different printed layers of PVDF-based nanocomposites loaded with 10 wt.% (nominal) Sb2Te3 

nanoflakes were successfully printed on a flexible PI substrate by the AJP method. Similar to 

the PEDOT:PSS-based nanocomposites, thicker and denser packing of loaded particles were 

observed with few noticeable pores formed. Nevertheless, these PVDF-based nanocomposites 

were too insulating to measure their S and σ. 30 wt.% of Ag ink was added for the sake of 

converting these insulating PVDF-based nanocomposites into conductors through forming a 

3D conducting network. However, they still retained highly insulating behaviour. No more 

Ag ink could be added further due to the considerably high cost of Ag ink.  
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4.5 Novel Composite Printing  

4.5.1 In situ Mixing Method  

As schematically depicted in Figure 4.15 (a), an innovative in situ mixing method for 

printing nanocomposite structures was developed by varying the ratio between the organic 

polymer ink and inorganic nanoparticulate ink in a controlled fashion during the mixing stage 

of the AJP process. Two different inks were simultaneously atomised via both the pneumatic 

atomiser (PA) and ultrasonic atomiser (UA) through the capillary action-assisted spraying and 

ultrasonic agitation, respectively. Generally, the UA is used in case of very low quantity of low 

viscous ink material, whereas the PA can be applied for a much broader range of ink viscosities. 

The PA can magnetically stir the ink mixture during the printing process, allowing better 

atomisation of the ink that has non-homogeneously suspended particles within the dispersion 

medium. Since two different ink materials are kept and atomised in two separate ink-containers 

and only the aerosols generated from the atomisation process are carried down through 

ink-carrying tubes, it is also feasible to use two different dispersion or solvent media (which 

might differ vastly in terms of properties, such as miscibility, boiling point, and chemical 

inertness) to form a stable dispersion for printing. More importantly, this separation of the inks 

at the source allows the inks to be kept at two different temperatures for the purposes of stability. 

The flow rate of inks from two separate atomisers can also be individually and independently 

controlled, allowing fine-tuning of the composition of materials being printed.  

In this work, 2 mL of commercially purchased aqueous PEDOT:PSS (1 wt.%) was used 

with the addition of 5 wt.% EG via the UA. For the ink of the PA, the solvothermal-synthesised 

Bi2Te3 or Sb2Te3 nanocrystals were dispersed within DI water (20 mL) with the loading ratio 

of 1 wt.% and 10 wt.%, respectively, for nanocomposite printing later. They were stirred 

continuously throughout the printing to ensure the homogeneous suspension form. 

Subsequently, two different atomised aerosol droplets were in situ mixed within a 

commercially available Y-shaped junction or through a home-made T-shaped junction to form 
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the desired composition of the nanocomposite. This inset allowed the pre-mixing of aerosol 

droplets atomised from separate ink sources with an independently controllable feeding rate of 

each ink atomiser. During the printing process, different values of the atomisation flow rate 

were applied to obtain different loading ratios of Bi2Te3 or Sb2Te3 nanocrystals within the 

formed organic-inorganic nanocomposites (varying from 0 to 100 wt.%). It should be noted 

that the weight percentage (wt.%) discussed in this section represents the weight ratio of the 

loaded inorganic inclusions to the formed nanocomposites. Additionally, an overflow trap was 

installed with the ink-carrying tube to facilitate better mixing of different inks, as well as to 

capture the overflow of aerosol droplets with the prolonged printing process. The mixed aerosol 

droplets were further carried by the nitrogen gas to the deposition head, and then directly 

deposited on a flexible PI substrate that was kept at the temperature of 60 °C to avoid the 

overspray issue. There was no evidence of having any chemical reactions upon in situ mixing 

and/or printing on the polymeric substrate, according to the SEM images of AJ-printed 

nanocomposites. Finally, these AJ-printed samples were oven-cured at 130 °C for 2 hours and 

surface-treated with different solvents, as elaborated in Section 3.5. The mechanical flexibility 

and robustness of these AJ-printed nanocomposites were realised by using a novel meandering 

geometrical architecture, as shown in Figures 4.15 (b) and (c), while the PI substrate provided 

both flexibility and thermal stability at temperatures up to 400 °C. The optimum printing 

conditions for these Bi2Te3/Sb2Te3-based nanocomposites, e.g. ink formulation, atomisation 

conditions, substrate temperatures, curing conditions, to name a few, were summarised in Table 

4-3. It should be noted that the optimum printing conditions discussed here mean the printing 

conditions that can produce the best printed line morphology and printing quality. Some 

preliminary printing tests have also been done to understand better how these parameters 

influence the printing process and the material deposition quality, as will be further discussed 

below.  



122                        Chapter 4.  Bi2Te3/Sb2Te3-based Thermoelectric Nanocomposites                         

 

 

Figure 4.15 (a) Schematic illustration of the AJP setup and the printing process, where the in 

situ mixing method is also depicted. (b) Diagram of the printing pattern design. (c) A 

representative photograph of the AJ-printed TE nanocomposite on a flexible PI sheet.  

Table 4-3 Optimum printing conditions for different Bi2Te3/Sb2Te3-based samples in this study. 

Sample Pneumatic Atomiser (PA) Ultrasonic Atomiser (UA) 

PEDOT:PSS N/A 
Ink: PEDOT:PSS 

Qsh: 150, Qatm: 50 

PEDOT:PSS + Bi2Te3 

 

Ink: Bi2Te3 

Qsh: 150, Qatm: 550, Qexh: 500-540 

Ink: PEDOT:PSS 

Qsh: 150, Qatm: 50 

PEDOT:PSS + Sb2Te3 

 

Ink: Sb2Te3 

Qsh: 150, Qatm: 550, Qexh: 500-540 

Ink: PEDOT:PSS 

Qsh: 150, Qatm: 50 

Bi2Te3  

 

Ink: Bi2Te3 

Qsh: 150, Qatm: 550, Qexh: 500-540 
N/A 

Sb2Te3  
Ink: Sb2Te3 

Qsh: 150, Qatm: 550, Qexh: 500 
N/A 

Note: Qsh = sheath gas flow rate, Qatm = atomiser gas flow rate, and Qexh = exhaust gas flow 

rate. All these parameters are with the flow unit of [cm³/min].[138] 
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4.5.2 Transporting Process Modification 

As mentioned above, since both inks used in this work were water-based, the atomised fine 

droplets were prone to converging within the mist tube and forming large droplets. As the 

printing process proceeded with time, some aerosol droplets impinged on the wall of the mist 

tube during the transporting process, thereby resulting in the increment of humidity within the 

plastic tube. The overspray phenomena occurred as presented in Figure 4.16, where the 

deposited aerosol droplets were deviated from the centre of gas flow, leading to the overspray 

of printed line with broad and ill-defined ‘fuzzy’ line edges.[138] The overspray phenomenon 

in the 1-layer printed nanocomposite was not very visible. However, when it came to multilayer 

printing, the overspray issue became more evident with increasing number of printed layers. 

This could be attributed to the fact that the newly printed layer was still quite wet when building 

up the subsequent layer on top, causing this non-uniform profile and overspray issue. Moreover, 

this issue was more prominent at the corners, as the printing speed was slightly slowed down, 

thereby depositing more ink material.  

 

Figure 4.16 SEM images presenting the overspray phenomena occurred in (a) 1-layer, (b) 

5-layer, and (c) 10-layer printed PEDOT:PSS-based nanocomposites loaded with 10 wt.% 

(nominal) Sb2Te3 nanoflakes. 
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In order to address this problem, a modification on the ink-carrying tube was done, as 

illustrated in Figure 4.17. The straight plastic tube was replaced by a custom-made overflow 

trap that was redesigned from a plastic pipette into a ‘buffer container’. This modified overflow 

trap could capture and store the excess aerosol droplets to prevent them from merging into huge 

blobs of droplets that could otherwise flood the tip, clog the deposition head, or even ruin the 

as-printed patterns. It could also facilitate better control of the printing quality with prolonged 

printing process. Consequently, as shown in Figure 4.18, well-defined and uniform lines were 

achieved when being deposited into different printed layers. These optimised printing 

conditions were applied in the subsequent nanocomposite printing.  

 

Figure 4.17 Schematic of the plastic tube used for transporting aerosol droplets from the 

atomiser to the deposition print head, (a) before and (b) after modifying the way of transporting 

aerosol droplets, with an installed overflow trap. The arrows indicate the direction of ink flow. 

 

Figure 4.18 SEM images comparing (a) overspray and (b) fine feature of 1-layer, 5-layer, and 

10-layer printed PEDOT:PSS-based nanocomposites loaded with 10 wt.% Sb2Te3 nanoflakes. 
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4.5.3 Comparison of Printed Layers 

For the investigation of the printed line quality, 85 wt.% (nominal) Sb2Te3 nanoflakes were 

chosen here to be printed into 1, 5, and 10 layers for more detailed comparison. Similar to the 

previously discussed results in Section 4.4, denser and more uniform nanocomposite structures 

with fewer noticeable pores and/or cracks on the surface were obtained with increasing number 

of printed layers, leading to homogeneous printed structures of thicknesses ranging at 

c.a. 1-3 µm and widths ranging at c.a. 100-150 µm, as shown in Figures 4.19 and 4.20. The 

reproducibility of these AJ-printed nanocomposites was assessed on at least four different 

samples that were fabricated under the same printing conditions. As can be seen in Figure 4.21, 

their σ, S, and PF values increased with increasing number of printed layers, which might be 

attributed to the formation of denser nanocomposite structures. Considering the printing 

process time and the obtained TE properties, 5-layer printing was chosen as the optimum 

condition for the subsequent investigation of AJ-printed nanocomposites. 

 

Figure 4.19 Morphology comparison of (a) 1-layer, (b) 5-layer, and (c) 10-layer printed 

PEDOT:PSS-based nanocomposites loaded with 85 wt.% (nominal) Sb2Te3 nanoflakes. 
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Figure 4.20 Profilometer thickness measurement of (a) 1-layer, (b) 5-layer, and (c) 10-layer 

printed PEDOT:PSS-based nanocomposites loaded with 85 wt.% (nominal) Sb2Te3 nanoflakes.  

 

Figure 4.21 Thermoelectric measurements on (a) S, σ, and (b) PF of different layers printed 

PEDOT:PSS-based nanocomposites loaded with 85 wt.% (nominal) Sb2Te3 nanoflakes. 

4.5.4 Morphology Characterisation of Printed Nanocomposites 

With the aid of the novel in situ mixing method (see Figure 4.22 (a)), different loading 

ratios of solvothermal-synthesised Bi2Te3 nanoparticles or Sb2Te3 nanoflakes, ranging from 

0 to 100 wt.% (nominal), were embedded within the PEDOT:PSS matrix, respectively, to 

ascertain the effect of these inorganic nano-fillers on the TE properties of AJ-printed 

PEDOT:PSS-based nanocomposites. The top surfaces of these AJ-printed nanocomposites, 

prior to the surface treatment, were studied by SEM. A distinct microstructural differentiation 

was seen in the images of nanocomposites compared to the pristine PEDOT:PSS film. The 

surface morphologies of two representative AJ-printed nanocomposite structures were 

displayed in Figures 4.22 (b) and (c), respectively, revealing uniformly distributed and 
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embedded Bi2Te3 or Sb2Te3 nanocrystals within the PEDOT:PSS polymer matrix. These 

nanocomposites displayed the close-packed microstructure and 3D conducting network with 

little clumping as well as improved mechanical strength, which were consistent across all 

different compositions studied (see Figures 4.23 and 4.24). A trend towards denser and more 

compact nanocomposite structure, as well as thicker and wider printed lines, was observed with 

increasing wt.% of the loaded nano-inclusions, as presented in Figure 4.25. Although some 

isolated nanocrystals were seen, especially in higher-wt.% nanocomposites, phase-segregated 

components were not found here, which proved the advantage of the in situ mixing method. 

 

Figure 4.22 (a) Schematic of a novel in situ mixing method for the nanocomposite printing via 

the AJP method. SEM images of 5-layer printed PEDOT:PSS-based nanocomposites loaded 

with (b) 50 wt.% (nominal) Bi2Te3 nanoparticles and (c) 85 wt.% (nominal) Sb2Te3 nanoflakes, 

where the enlarged images show more details of their morphology and microstructure. (Figures 

taken from the author’s work [25]. (CC-BY)) 
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Figure 4.23 Morphology and microstructure comparisons of 5-layer AJ-printed 

PEDOT:PSS-based nanocomposites loaded with various nominal wt.% of Bi2Te3 nanoparticles 

from (a) 15 wt.%, (b) 35 wt.%, (c) 50 wt.%, (d) 65 wt.%, (e) 85 wt.%, to (f) 90 wt.%. 

 

Figure 4.24 Morphology and microstructure comparisons of 5-layer AJ-printed 

PEDOT:PSS-based nanocomposites loaded with various nominal wt.% of Sb2Te3 nanoflakes 

from (a) 15 wt.%, (b) 35 wt.%, (c) 50 wt.%, (d) 65 wt.%, (e) 85 wt.%, to (f) 90 wt.%. 
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Figure 4.25 Width and thickness measurements of 5-layer printed PEDOT:PSS-based 

nanocomposites loaded with different wt.% of (a) Bi2Te3 nanoparticles and (b) Sb2Te3 

nanoflakes, respectively. (c) Morphology comparison of 5-layer printed nanocomposites with 

different loading ratios of Bi2Te3 nanoparticles and Sb2Te3 nanoflakes, respectively.  

4.5.5 Thermoelectric Measurements of Printed Nanocomposites 

As investigated in Section 4.3, since the EG-treated PEDOT:PSS sample with 5-layer 

printing delivered the highest σ and PF values, EG solvent was chosen for all the subsequent 

surface treatments of AJ-printed nanocomposites. Figure 4.26 compares the TE properties of 

different AJ-printed PEDOT:PSS-based nanocomposites (both treated with EG and 

non-treated), which were measured by using the bespoke TE measurement setup described in 

Section 3.7.1. It can be seen that the EG surface treatment on all these PEDOT:PSS-based 

nanocomposites improved the σ value in particular, and was thus essential to enhance their 

overall TE properties. It was found that the S value increased with increasing loading ratio of 

Bi2Te3 or Sb2Te3, while the σ value slightly diminished on average, which might be attributed 

to the contact resistance at the interfaces between Bi2Te3 or Sb2Te3 nanocrystals and the 

PEDOT:PSS matrix. If both components are either n-type or p-type, they work synergistically 
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to enhance S. However, if both components present opposing carrier types, the final TE 

performance of the nanocomposite would depend on the relative ratio of the constituents.[19,92] 

In this case, the S values of both Bi2Te3-loaded nanocomposites and Sb2Te3-loaded 

nanocomposites largely increased with increasing loading ratio, and peaked at ~36.6 µV/K and 

~33.8 µV/K, respectively, compared to that of the pristine PEDOT:PSS film with S of ~17.1 

µV/K. The Hall-effect measurement also confirmed that both the solvothermal-synthesised 

Bi2Te3 nanoparticles and Sb2Te3 nanoflakes exhibited p-type charge carrier behaviour that 

matched well with the EDX results in Figure 4.3. From these measurements, the fact that the σ 

value of these nanocomposites slightly deteriorated with increasing loading wt.% while S was 

largely enhanced and retained at a comparatively high level, suggests that S and σ could be 

effectively decoupled to maximise the final PF. The actual variation of σ with composition is, 

in reality, more complex. A hypothesis was proposed here to explain the trend of σ. For the low 

loading wt.%, the introduction of organic-inorganic interfaces might lead to a decrease in σ. 

With increasing loading wt.%, the aggregation of inorganic nano-inclusions into a continuous 

3D conducting network might facilitate the electron transport between embedded particles and 

the PEDOT:PSS matrix, thereby initially increasing σ slightly. However, continued aggregation 

might lead to the nanocomposite being inorganic-dominated, with a higher proportion of loaded 

particles not electrically connected by the PEDOT:PSS matrix. This thus might result in a drop 

in σ at the highest loading wt.% due to the large increment of inorganic-inorganic interface 

resistance. The trend of this variation was slightly different for Bi2Te3-based and Sb2Te3-based 

nanocomposites owing to the inherently different nanocrystal sizes and morphologies 

(nanoparticles vs. nanoflakes), which gave rise to different aggregation characteristics. The 

particles were prone to agglomeration, especially in the case of nanoparticles. In general, it was 

found that these AJ-printed nanocomposites were stable under ambient conditions over several 

weeks of testing. The best TE performance of these AJ-printed nanocomposites was achieved 

at 85 wt.% Sb2Te3, with S of ~33.8 µV/K, σ of ~247.3 S/cm, PF of ~28.3 µW/(m.K2), and 

charge carrier density of ~1022 m-3, which is comparable to what has been reported in the 

literature.[18,19,32,232,242] It should be noted that these results were obtained from a different 
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PEDOT:PSS starting material, which has been shown to have vastly superior σ compared to 

PEDOT:PSS from other vendors, as summarised in Table 4-1. The 100 wt.% samples referred 

to aqueous dispersions of Bi2Te3 or Sb2Te3 AJ-printed into dense films without the presence of 

the PEDOT:PSS matrix, as discussed in Section 4.2. The TE properties of these samples were 

found to be far inferior to the nanocomposite structures, which is attributed to the 

comparatively poor connectivity between nanocrystals in the absence of the PEDOT:PSS 

matrix. Their connectivity could have been improved by sintering at elevated temperatures, but 

this was avoided owing to the presence of the flexible plastic substrate.  

 

Figure 4.26 Thermoelectric measurements on (a) S, (b) σ, and (c) PF of non-treated and 

EG-treated 5-layer printed PEDOT:PSS-based nanocomposites loaded with different wt.% of 

Bi2Te3 nanoparticles and Sb2Te3 nanoflakes, respectively. Error bars indicate the standard 

deviation of the measured values of two separate nanocomposites with the same loading ratio. 
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4.5.6 Simulation of Printed Nanocomposites 

Finite element analysis based on COMSOL Multiphysics simulation was performed to 

simulate the effect of an imposed ΔT across the AJ-printed TE nanocomposite, as shown in 

Figure 4.27. This simulation yielded a good match with the above TE measurement results. 

Figure 4.27 (a) illustrates that the temperatures at the top and the base of the model were set to 

320 K and 260 K, respectively, to have a ΔT of 60 K. An open-circuit voltage output of ~2 mV 

was generated across the nanocomposite (see Figure 4.27 (b)). Furthermore, the simulation of 

temperature and electric potential distribution of the nanocomposite at the microscale has also 

been conducted in Figures 4.27 (c) and (d), with the matrix set to PEDOT:PSS polymer [κ 

~0.3 W/(m.K)] and in-filled spheres set to Bi2Te3 nanoparticles [κ ~1.2 W/(m.K)]. The particle 

size of embedded nanoparticle was set to ~100 nm based on the SEM result in Figure 4.3. The 

contour plot demonstrates that the temperature distribution to an approximation is relatively 

unaffected by the inclusion of nanoparticles with higher κ over the large scale of interest.   

 

Figure 4.27 (a) Temperature profile and (b) the generated voltage of the 5-layer printed TE 

nanocomposite structure at the macroscale. (c) Temperature and (d) electrical potential 

distribution at the microscale, where the contour plot shows more details of their profiles.  
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4.6 Flexibility Tests  

After a simple manual bending test, as previously discussed in Section 3.8.1, excellent 

conformability of the AJ-printed nanocomposite was observed. They retained their original 

shape and smooth surface without forming any visible cracks or deformations after several 

hand-bending cycles, and their electrical properties remained nearly the same throughout. The 

ratio of flat-to-flexed resistance was plotted as a function of the bending radius (mm), as shown 

in Figure 4.28 (a). The AJ-printed nanocomposites with relatively higher PF values were 

selectively compared here. The effect of flexing on S was also determined by measuring the S 

values of the sample before and after being flexed. Electrical resistance was selected here as 

the criterion to evaluate the film flexibility, as it was expectedly sensitive to any cracks or voids 

that might be introduced during the flexing test.[138] As the bending radius decreased, the 

electrical resistance of the nanocomposites slightly increased and then remained comparatively 

stable under very low bending radius, indicating their superior flexibility compared to their 

inorganic counterparts. However, for all the samples that were flex-tested, their electrical 

resistance values did not come back to the original values after being released, which might be 

ascribed to the formation of disconnects (possibly in the form of cracks) within the 

nanocomposite. The S/So ratio only decreased slightly even after being flexed to a very low 

bending radius (down to ~3.3 mm), which might be attributed to the formation of some 

micron-size cracks and/or voids within the nanocomposite structure. This result confirmed the 

excellent flexibility and mechanical strength of these AJ-printed nanocomposites. The overall 

PF of the best-performing nanocomposite structure was found to reduce by half, showing that 

the device was still useable as a TEG. These flexing results suggest that the novel 

nanocomposite structure design, comprising fine-grained nanocrystals within a ductile and 

flexible TE polymer that serves as a protective matrix, can offer greater mechanical support 

and protection while maintaining relatively good electrical conductivity between embedded TE 

nano-inclusions. These AJ-printed nanocomposites are therefore more flexible and robust than 

their bulk counterparts that are typically produced by directional solidification process.[3,5] 
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Figure 4.28 (a) Flexing test on AJ-printed PEDOT:PSS-based nanocomposites with different 

loading ratios of Bi2Te3 and Sb2Te3, where (a) the ratio of flat-to-flexed resistance was plotted 

as a function of the bending radius and (b) the ratio of flat-to-flexed Seebeck coefficient was 

charted as a function of the loading weight ratio. The inset demonstrates that the sample was 

subjected to a bending radius of 5.3 mm. (Figures taken from the author’s work [25]. (CC-BY))  

4.7 Flexible Thermoelectric Coasters 

Notably, since the in situ mixing method required only fairly small amounts of both organic 

and inorganic constituent materials with little material wastage, these AJ-printed 

nanocomposites could be directly integrated into flexible TEG applications with minimal 

post-processing treatment. The author demonstrated this by designing a flexible AJ-printed 

TEG prototype in Section 3.10.1, which could be used as a flexible ‘thermoelectric coaster’ to 

convert the temperature gradient between a hot or cold source and the ambient environment 

into electricity. In order to demonstrate the practical TE performance of these AJ-printed TE 

nanocomposites, they were assembled in conjunction with an aluminium can (Coca-Cola) into 

a simple prototype flexible TEG, as presented in Figures 4.29 (a) and (b). To improve their 

overall power output, two identical AJ-printed TEGs were stacked up and electrically 

connected in series. A copper tape was employed as the thermally conducting medium between 

the hot or cold source (i.e. aluminium can) and TE legs. Subsequently, the aluminium can was 

filled with boiling hot water (~100 oC) to create a ΔT between the inner and outer of AJ-printed 

TE legs, where the ΔT was found to be ~20 oC with the aid of a compact thermal imaging 
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camera, as displayed in Figures 4.29 (c) and (d). It is worth mentioning that the hot water can 

be replaced by the cold ice water to create a temperature gradient. Also, opposite output signals 

were obtained when reversing the connection of the TEG to the applied ΔT direction, which 

confirmed that the measured output signals were generated from the thermoelectric effect. As 

summarised in Table 4-4, the parallel-mode TEG with 340 TE legs and a total internal sample 

resistance (RS) of ~58 Ω generated an open-circuit voltage output (Voc) of ~0.6 mV, a 

short-circuit current (Isc) of ~7 µA, and a maximum power (Pmax) of ~1.6 nW under a ΔT of 

~20 oC. The series-mode TEG with 50 TE legs and RS of ~2700 Ω produced Voc of ~40 mV, 

Isc of ~6 µA, and Pmax of ~148.2 nW under a ΔT of ~20 oC. It was found that the 

series-connected mode presented much higher voltage and power output, while the 

parallel-connected mode gave a slightly higher current output. Importantly, these flexible 

AJ-printed TEGs could overcome some limitations that their rigid counterparts have, and the 

technical challenge of assembling many individual legs into one TEG module without using 

any solders could be ideally solved with the help of the versatile AJP technique. The TE 

performance of these AJ-printed TEGs can be further improved through stacking up several of 

them. Although these polymer-based TE devices can only be operated in a low-temperature 

environment due to the thermal stability nature of the polymer, with respect to wearable TEGs, 

the thermal stability is not a major issue to be considered. Furthermore, their TE performance 

can be further enhanced through employing other nanostructured TE materials with improved 

S and σ, through optimising the ink formulation and printing quality, as well as through 

conducting proper surface treatments on these PEDOT:PSS-based nanocomposites.  

Since the dimensions of the TE leg play a significant role in the TE performance of the 

TEG, the voltage and power outputs as a function of the width and thickness of the TE leg are 

investigated in Appendix A.8. Different dimensions of AJ-printed PEDOT:PSS films were 

fabricated and measured to ascertain how the dimensions of the TE leg affect their voltage and 

power outputs. As summarised in Table A-2, the power output was directly proportional to the 

width and thickness, which means that the larger width and/or larger thickness of the TE leg 

was, the higher Pmax could be generated from per TE leg. Since the same ΔT was applied along 
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the TE leg, the voltage output was nearly independent to the dimensions of the TE leg due to 

ΔV = - S ΔT, as expressed in Equation 2-1. As a result, the increased power output was mainly 

attributed to the drop of the sample resistance. According to this result, the power output of the 

above-discussed flexible printed TEGs can be further improved by optimising the dimensions 

of individual TE legs so as to achieve a lower device resistance, and thus generate a higher 

device power output. Therefore, the fill factor and printing process time should be considered 

for the geometry optimisation of each TE leg. The generated voltage can also be potentially 

boosted via a DC/DC voltage step-up converter to power some miniature sensors or wireless 

transmitters.[144]     

 

Figure 4.29 Photographic images of AJ-printed TEG prototype in (a) parallel or (b) series mode, 

respectively. (c) Side view and (b) top-down view of thermal images showing the temperature 

distribution of the TEG. The circle highlights the localised temperature reading. 

Table 4-4 Measurements on the open-circuit voltage Voc, short-circuit current Isc, internal 

sample resistance RS, and maximum power Pmax of flexible AJ-printed TEGs operated in two 

different modes under a ΔT of ~20 oC. 

Mode TE leg number Voc (mV) Isc (µA) RS (Ω) Pmax (nW) 

Parallel 340 0.6 7 58 1.6 

Series 50 40 6 2700 148.2 
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4.8 Summary 

To summarise, a versatile, cost-effective, and easily scalable AJP technique for depositing 

p-type PEDOT:PSS-based nanocomposites on flexible substrates has been successfully 

developed via the in-house high-yield and highly scalable solvothermal synthesis method for 

Bi2Te3 nanoparticles and Sb2Te3 nanoflakes. This low-temperature solution-based synthesis 

approach allowed good control of size and shape at the nanoscale, and thus enabled better 

control and enhancement of TE properties of the resulting PEDOT:PSS-based nanocomposite 

structures. Various weight percentages of solvothermal-synthesised nanostructured Bi2Te3 and 

Sb2Te3 particles with high S and high σ have been integrated with low-κ PEDOT:PSS 

conducting polymer, for printing TE nanocomposites on a cheap and flexible PI sheet via the 

AJP method. By properly tuning the flux ratio and flow speed by the in situ mixing method as 

well as by choosing the appropriate number of printed layers, the PEDOT:PSS-based 

nanocomposites could achieve excellent TE properties with reasonable mechanical flexibility 

and robustness. The in situ mixing method also opens up the possibility of using the same inks 

of individual constituent materials to print nanocomposite structures with various compositions. 

This is possible because the flow rate of inks from the two separate atomisers can be 

individually and independently controlled, allowing fine-tuning of the composite material 

being AJ-printed. Among them, the PEDOT:PSS-based nanocomposites loaded with 85 wt.% 

(nominal) Sb2Te3 nanoflakes have exhibited the best TE performance (S ~33.8 µV/K, 

σ ~247.3 S/cm, and PF ~28.3 µW/(m.K2)) as well as excellent mechanical properties. The 

flexibility of these AJ-printed nanocomposite structures has been rigorously tested. They have 

shown fairly stable and robust TE performance upon repeated flexing. The demonstration of 

flexibility enables broader applications of these AJ-printed organic-inorganic nanocomposites. 
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Chapter 5     

Multiwall Carbon Nanotube-based 

Thermoelectric Nanocomposites 

This chapter discusses the results related to the flexible multiwall carbon nanotube-based 

TE nanocomposites fabricated by the aerosol-jet printing method. Here, commercially 

procured multiwall carbon nanotubes (MWCNTs) have been introduced, for the first time, into 

AJ-printed TE nanocomposites, by dispersing MWCNTs into DI water alongside the in-house 

solvothermal-synthesised Sb2Te3 nanoflakes. This was followed by the ink atomisation and in 

situ mixing with the PEDOT:PSS polymer into TE nanocomposites of different compositions, 

where the novel composite printing method developed in Chapter 4 was employed. Significant 

enhancement of TE properties as well as mechanical flexibility and robustness has been 

achieved here, even under prolonged flexing cycles and fatigue test for certain compositions. 

Accordingly, they could be directly incorporated into flexible or even wearable TEG 

applications with minimal post-processing treatment. Some parts discussed in this chapter have 

been published in “Enhanced Thermoelectric Properties of Flexible Aerosol-Jet Printed Carbon 

Nanotube-Based Nanocomposites”. APL Materials, 2018, 6 (9), 096101,[96] and they have 

been adapted from that text with granted Copyright permission. It should be noted that the 

author performed all the experiment works and data analysis with the help of other co-authors 

of the paper.    
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5.1 Printing of Carbon Nanotube-based Nanocomposites 

For the ink formulation, PEDOT:PSS and MWCNTs inks were loaded into ultrasonic 

atomiser and pneumatic atomiser, respectively. Solvothermal-synthesised Sb2Te3 nanoflakes 

were also added to the MWCNTs ink at the weight ratio of 1:1 (i.e. 50 wt.% Sb2Te3 and 50 wt.% 

MWCNTs for the loaded inorganic particles) to enhance the TE performance of AJ-printed 

nanocomposites. It is well-known that carbon nanotubes (CNTs) tend to aggregate in the form 

of bundles or ropes owing to their high Van der Waals attractions. Hence, surfactants are often 

employed to achieve the stability of CNTs suspension.[243–245] Here, 0.1 wt.% of sodium 

dodecyl sulphate (SDS, Sigma-Aldrich) and 0.5 wt.% of polyvinylpyrrolidone (PVP, average 

molecular weight 40,000, Sigma-Aldrich) were added into the MWCNTs ink, respectively, for 

the investigation of their influence on the formed nanocomposites. The resulting suspension 

was then magnetically stirred and ultrasonicated for 1 hour prior to the subsequent ink 

atomisation and nanocomposite printing processes. The printing conditions for different 

AJ-printed nanocomposite structures were adjusted so as to achieve the optimum printing 

quality, as summarised in Table 5-1. The meandering structure shown in Section 3.7.1 was used 

here as the TE device structure. These AJ-printed samples were cured at 130 °C for 2 hours.  

Table 5-1 Optimum printing conditions for different MWCNTs-based samples in this study. 

Sample Pneumatic Atomiser (PA) Ultrasonic Atomiser (UA) 

PEDOT:PSS N/A 
Ink: PEDOT:PSS 

Qsh: 150, Qatm: 50 

MWCNTs + PVP + 

SDS + PEDOT:PSS 

Ink: MWCNTs 

Qsh: 150, Qatm: 550, Qexh: 500-540 

Ink: PEDOT:PSS 

Qsh: 150, Qatm: 50 

MWCNTs + PVP + 

PEDOT:PSS   

Ink: MWCNTs 

Qsh: 150, Qatm: 550, Qexh: 500-540 

Ink: PEDOT:PSS 

Qsh: 150, Qatm: 50 

Sb2Te3 + MWCNTs + 

PVP + PEDOT:PSS 

Ink: Sb2Te3 + MWCNTs  

Qsh: 150, Qatm: 550, Qexh: 500-540 

Ink: PEDOT:PSS 

Qsh: 150, Qatm: 50 

Sb2Te3 + MWCNTs  
Ink: Sb2Te3 + MWCNTs 

Qsh: 150, Qatm: 550, Qexh: 500 
N/A 

Note: Qsh = sheath gas flow rate, Qatm = atomiser gas flow rate, and Qexh = exhaust gas flow 

rate. All these parameters are with the flow unit of [cm³/min].[138]  
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5.2 Influence of Surfactant Addition on Printed Nanocomposites 

As reported in previous works from the literature, sodium dodecyl sulphate (SDS) and 

polyvinylpyrrolidone (PVP) have been mostly used as a surfactant and/or binder to disperse 

and stabilise CNT bundles homogenously within DI water, as well as to prevent them from 

agglomeration, which facilitates the formation of 3D connected networks with enhanced 

σ.[243–245] In this work, these two surfactants were tested for the printing of MWCNTs. 

However, it was found that adding SDS surfactant (0.1 wt.%) caused the generation of lots of 

bubbles within the pneumatic atomiser chamber during the atomisation process, which had a 

detrimental influence on the ink atomisation and the subsequent printing process.  

Adding PVP surfactant, on the other hand, was found to have little effect on the atomisation 

and printing processes. Meanwhile, since the ink atomisation process itself entailed vigorous 

stirring and sonication, as discussed in Section 3.4, it helped to improve the homogeneous 

dispersion of MWCNTs significantly, without creating any bubbles during the whole AJP 

process. Therefore, only a fairly small amount of PVP surfactant (0.5 wt.%) was needed here. 

Figure 5.1 (a) illustrates the dispersion mechanism and the printing process of MWCNTs. The 

as-received MWCNTs bundles were suspended into the solution form with the aid of different 

added surfactants as well as the mechanical stirring and sonication treatments. These 

well-dispersed MWCNTs within the ink could significantly promote the subsequent printing 

process, thereby resulting in better printing quality. Figures 5.1 (b) - (g) reveal the morphology 

of different MWCNTs-based nanocomposites fabricated by the customised AJP technique. It 

can be seen that various loading wt.% of MWCNTs were homogeneously dispersed within the 

PEDOT:PSS matrix, without observing any agglomerations of MWCNTs. To the best 

knowledge of the author, no doping effect of the PVP surfactant on MWCNTs was found here.      
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Figure 5.1 (a) Schematic describing the fabrication process of MWCNTs-PEDOT:PSS 

nanocomposites via the AJP technique. SEM images of AJ-printed MWCNTs-PEDOT:PSS 

nanocomposites with various loading ratios of MWCNTs, ranging from (b) 15 wt.%, (c) 35 

wt.%, (d) 50 wt.%, up to (e) 65 wt.%, (f) 85 wt.%, up to (g) 90 wt.%.  

5.3 Surface Treatment of Printed Nanocomposites 

Several groups have attempted treating the deposited pristine PEDOT:PSS films by using 

different chemicals (e.g. polar solvents) to enhance their σ and S.[89,93,246–249] The 

commonly accepted mechanism explaining this chemical treatment is that the insulating PSS 

molecules are de-doped from the conducting PEDOT domains to obtain better electrical 

contacts between neighbouring PEDOT chains.[93] Importantly, CNTs can further improve σ 

of the PEDOT:PSS-based nanocomposites by forming continuous links between PEDOT 
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islands owing to their superior conductivity and by favourable π-π interactions.[88,107,108] In 

this context, MWCNTs were incorporated into AJ-printed MWCNTs-PEDOT:PSS 

nanocomposites with different loading fractions. Surface treatments with different polar 

solvents, including ethylene glycol (EG, 99.8%, Sigma-Aldrich),[89,93,246] dimethyl 

sulfoxide (DMSO, 99.9%, Sigma-Aldrich),[93,247] and glycerol (GYL, 5 vol.% aqueous 

solution, Sigma-Aldrich),[250] were subsequently conducted to ascertain their effect on these 

AJ-printed nanocomposites. The resulting TE properties were then compared in Figure 5.2. It 

can be seen that these surface treatments resulted in a significant improvement of σ, especially 

seen in the DMSO-treated samples which were found to show an increment in σ by a factor of 

5 compared to the untreated samples. This therefore led to the highest PF obtained in the 

samples treated with DMSO. Meanwhile, it was found that the GYL-treatment caused the 

delamination of AJ-printed films off the substrate, and thus, this treatment was abandoned in 

the subsequent investigation.  

 

Figure 5.2 Thermoelectric measurements on (a) S, (b) σ and (c) PF of AJ-printed 

MWCNTs-PEDOT:PSS nanocomposites that were surface-treated with different polar solvents.  
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5.4 Morphology Characterisation of Printed Nanocomposites  

Figure 5.3 (a) shows the SEM micrograph of typical MWCNTs-PEDOT:PSS 

nanocomposite lines fabricated by the AJP method, where the printing quality was found to be 

excellent with well-defined and smooth edges and surfaces, very minimal overspray, as well as 

an average line width of ~200 µm. A crack was formed by fracturing the AJ-printed 

nanocomposite to reveal more details of its morphology and microstructure, as shown in 

Figure 5.3 (b). Through the fracture surface, it can be seen that densely populated MWCNTs 

were embedded within the PEDOT:PSS matrix, which had been partially pulled out due to the 

cleaving process. From the high-resolution SEM images of the AJ-printed sample with 100 wt.% 

MWCNTs and 100 wt.% Sb2Te3-MWCNTs, respectively, in Figure 5.4, the diameter of these 

AJ-printed MWCNTs were found to be ~230 nm (± 65 nm) with a length of ~6.5 μm (± 2.3 μm). 

These results were in good agreement with supplier’s specifications, and also confirmed that 

they remained intact even after the atomisation and printing processes owing to their excellent 

mechanical properties. Following this, Sb2Te3 nanoflakes were incorporated into the 

nanocomposites as well. Figures 5.3 (c) - (i) show the morphology of different AJ-printed 

Sb2Te3-MWCNTs-PEDOT:PSS nanocomposites loaded with various wt.% of Sb2Te3 

nanoflakes and MWCNTs (in a 50:50 ratio), where a visibly larger amount of Sb2Te3 nanoflakes 

and MWCNTs were seen with increasing loading ratio, as expected. These nanoscale inclusions 

were uniformly distributed and embedded within the PEDOT:PSS matrix without forming any 

segregation of different phases, thus resulting in the uniform composition of AJ-printed 

nanocomposites. Analysis of the EDX mapping data on different PEDOT:PSS-based 

composites (see Figure 5.5) reveals the spatial distribution of Sb2Te3 and MWCNTs within the 

PEDOT:PSS matrix. The ‘S’ represents the distribution of sulphur elements from the 

PEDOT:PSS matrix, and the ‘Sb’ indicates the distribution of antimony elements from Sb2Te3 

nanoflakes. This result further verified the uniformity as well as the homogeneous dispersion 

of Sb2Te3 and MWCNTs within the polymer matrix. 
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Figure 5.3 (a) SEM image of the representative MWCNTs-PEDOT:PSS nanocomposite lines 

fabricated by the AJP method. (b) A fracture surface revealing that the MWCNTs were 

embedded within the PEDOT:PSS matrix and partially pulled out after bending and fracturing 

the nanocomposite. High-resolution SEM images of AJ-printed nanocomposites with various 

loading ratios of Sb2Te3 and MWCNTs within the PEDOT:PSS matrix, ranging from (c) 

15 wt.%, (d) 35 wt.%, (e) 50 wt.%, (f) 65 wt.%, (g) 85 wt.%, (h) 90 wt.%, and up to (i) 100 wt.%. 

(Figures taken from the author’s work [96]. (CC BY 4.0))  
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Figure 5.4 SEM images of AJ-printed samples with (a) 100 wt.% MWCNTs, and (b)100 wt.% 

Sb2Te3-MWCNTs, where enlarged images reveal more morphology and microstructure details.  

 

Figure 5.5 EDX mapping of ‘S’ and ‘Sb’ elements of AJ-printed PEDOT:PSS-based 

nanocomposites with different loading ratios of Sb2Te3 and MWCNTs: (a) 15 wt.%, (b) 

50 wt.%, and (c) 85 wt.%.  
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5.5 Thermoelectric Measurements of Printed Nanocomposites 

When considering the electrical conductivity of CNT-based composites, the introduction 

of surfactants is usually best avoided.[251] Figure 5.6 indicates that the removal of SDS 

surfactant could largely improve the final σ and PF values of these AJ-printed MWCNTs-

PEDOT:PSS nanocomposites, because no bubbles were formed during the printing process, 

causing the deterioration of TE performance. Moreover, the pre-added EG or DMSO solvents 

within the PEDOT:PSS ink could serve as a surfactant to facilitate more homogeneous phase 

separation between the PEDOT:PSS matrix and the loaded inorganic nano-inclusions within 

the hybrid organic-inorganic nanocomposites, as demonstrated by Shin et al.[241] Therefore, 

to further confirm the influence of PVP surfactant on the TE properties, the AJ-printed pristine 

MWCNTs film (at 100 wt.%) was prepared and then heated up to 350 oC to burn away the 

remaining PVP surfactant. It was found that σ only increased marginally with little change in 

S. Since the amount of added PVP surfactant was very minimal, it had fairly little influence on 

the electrical network and the quality of contacts within the nanocomposite.  

Meanwhile, Figure 5.6 shows these AJ-printed MWCNTs films exhibited very low 

σ (~1 S/cm) and consequently fairly poor PF [~0.1 µW/(m.K2)], which might be attributed to 

the MWCNTs film featuring a very porous and poorly connected network as seen in Figure 5.4. 

Therefore, the PEDOT:PSS matrix was indispensable here, which could serve as the electrical 

contact medium between different inserted nano-fillers within the nanocomposite structure. 

Moreover, the addition of Sb2Te3 nanoflakes substantially enhanced S, albeit with a 

concomitant decrease in σ, specifically in the high loading ratio region, which resulted in their 

overall TE performance [S ~29 μV/K, σ ~496 S/cm, PF ~41 µW/(m.K2)] slightly exceeding 

their non-Sb2Te3-added counterparts [S ~17 μV/K, σ ~1282 S/cm, PF ~37 µW/(m.K2)].  

Although the incorporation of Sb2Te3 nanoflakes and MWCNTs within the PEDOT:PSS 

matrix was seen to be quite dense in Figures 5.3 (c) - (i), there were still some poor electrical 

networks, which arose because of the introduction of comparatively lower-σ Sb2Te3 nanoflakes 
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creating larger interfacial resistance, where Sb2Te3 nanoflakes could hamper the electrical 

contact with neighbouring MWCNTs and PEDOT clusters. Nevertheless, these added Sb2Te3 

nanoflakes could hinder the thermal transport and notably lower the overall thermal 

conductivity of AJ-printed nanocomposites via the introduction of the phonon-boundary 

scattering and the large thermal boundary resistance at the interfaces, as widely reported in the 

literature.[3,4,18,74,75] It would therefore be expected that the nanocomposite with both 

MWCNTs and Sb2Te3 nano-inclusions could have higher ZT values than that of composites 

containing only one of these components, particularly in instances where their respective PF 

values are comparable.   
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Figure 5.6 Thermoelectric measurements on (a) S, (b) σ and (c) PF of AJ-printed 

PEDOT:PSS-based nanocomposites loaded with various components and compositions, as 

well as surface-treated with different polar solvents. Error bars indicate the standard deviation 

of the measured values of two separate printed samples with the same loading components and 

printing conditions.(Figures taken from the author’s work [96]. (CC BY 4.0)) 
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5.6 Flexibility and Fatigue Tests 

The mechanical properties of AJ-printed nanocomposites with the highest PF values were 

selectively compared here in response to flexing, as presented in Figures 5.7 (a) and (b). Simple 

manual bending tests and rigorous flexing tests were carried out to estimate their TE properties 

under various bending radii, by mounting them on various surfaces with different curvatures, 

as demonstrated in the inset of Figure 5.7 (b). It was observed that these AJ-printed 

nanocomposites exhibited an excellent conformability and retained their original smooth 

surface without forming any visible cracks or deformations after 5 flexing cycles. The electrical 

resistance of these nanocomposites only increased marginally, and then plateaued as the 

bending radius decreased. Meanwhile, the S values of these nanocomposites were found to 

diminish only slightly after being flexed at very low bending radius ~3.3 mm (see Figure 5.7 

(b)). These results indicate that their excellent flexibility mainly stems from the innovative 

nanocomposite structure, comprising ductile and conducting MWCNTs networks within the 

flexible PEDOT:PSS polymer that served as a protective matrix to provide greater mechanical 

support.  

A more extensive and continuous fatigue test was subsequently conducted on the 

AJ-printed 85 wt.% Sb2Te3-MWCNTs-PVP-PEDOT:PSS nanocomposite by subjecting it to up 

to 36,000 continuous bending cycles, i.e. 60 hours of continuous testing at a frequency of 

0.15 Hz, as presented in Figure 5.7 (c). It can be seen that after an initial increment in the 

resistance value (R/Ro), the σ values retained stable for up to 60 hours of testing, indicating that 

these AJ-printed nanocomposites could be used as flexible TEGs to convert the ΔT into 

electricity over a prolonged period of time. Also, it should be noted that these AJ-printed 

nanocomposites were tested over a period of two months with negligible degradation in 

performance. These fatigue results are of vital importance, given that such extensive fatigue 

data are rarely presented in the literature for flexible TEGs.  
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Figure 5.7 Flexing test on AJ-printed PEDOT:PSS-based nanocomposites with different 

loading ratios of MWCNTs and Sb2Te3 nanoflakes, where (a) the ratio of flat-to-flexed 

resistance was plotted as a function of the bending radius and (b) the ratio of flat-to-flexed 

Seebeck coefficient as a function of the loading composition, respectively. Inset: the sample 

was subjected to a bending radius of 5.3 mm. (c) Fatigue test of the AJ-printed 85 wt.% 

Sb2Te3-MWCNTs-PVP-PEDOT:PSS nanocomposite, continually flexing for 60 hours 

(i.e. 36,000 cycles) under the application of periodic compressive stress at a frequency of 

0.15 Hz with an amplitude of ~10 mm. The data after different flexing cycles were recorded 

accordingly. 
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The resistance of these flexed nanocomposites did not revert to their original values after 

being released, and it might stem from the formation of fairly small cracks within the 

nanocomposite, as can be seen in the SEM micrographs taken before and after fatigue testing 

in Figure 5.8. In addition, it was seen that these interconnected MWCNTs bridged the cracks 

and/or voids formed within the nanocomposite, which could largely facilitate their mechanical 

robustness with little degradation in TE properties. It shows that after prolonged flexing and 

fatigue tests, the nanocomposite film was partially peeled off from the substrate, and there were 

only a few microcracks formed which tended to locate at and/or near the edges of the 

nanocomposite. Furthermore, the S values decreased by only ~15% after the 60-hour prolonged 

fatigue test, which indicates that the observed microcracks did not substantially affect S. These 

observations confirm the superior flexibility and mechanical stability of these AJ-printed 

flexible nanocomposites compared with their bulk counterparts. Since these TEGs possessed 

excellent flexibility, they could, for example, be mounted on a heat pipe with a very low 

bending radius down to 3.3 mm, or could be worn onto a human wrist due to their excellent 

robustness and mechanical stability. The fabricated TEG was very lightweight with a mass of 

~0.05 g, which could ensure the comfortability for wearable applications. 

 

Figure 5.8 SEM images of the AJ-printed nanocomposite (a) before as well as (b) and (c) after 

the prolonged fatigue test, where the enlarged images (d), (e) and (f) reveal the microcracks 

formed within the nanocomposite after the fatigue test.   
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5.7 Summary 

In summary, AJ-printed, flexible, all-organic and organic-inorganic hybrid TE 

nanocomposites have been prepared, incorporating the conducting PEDOT:PSS polymer, high 

electrical conductivity MWCNTs, and high Seebeck coefficient Sb2Te3 nanoflakes. The 

introduction of MWCNTs and Sb2Te3 nano-inclusions might also serve to lower the thermal 

conductivity by the phonon scattering at the organic/inorganic interfaces for the improved TE 

performance. To the best of the author’s knowledge, these are some of the very first results 

where the AJP technique has been used to incorporate MWCNTs into flexible printed 

nanocomposite-based TE devices. A couple of important process modifications have been 

implemented in these nanocomposites wherein the in situ mixing of different component 

phases was employed to form nanocomposite structures. These methods can potentially 

provide many advantages in printing advanced composite devices. Different AJ-printed 

PEDOT:PSS-based nanocomposites have been treated with various polar solvents to improve 

their σ by de-doping the insulating PSS. The results from the TE measurements across different 

compositions and surface treatments were compared, with the DMSO-treated 

Sb2Te3-MWCNTs-PVP-PEDOT:PSS nanocomposite showing the best PF of ~41 µW/(m.K2) 

(S of ~29 µV/K and σ of ~496 S/cm). Furthermore, rigorous flexing and fatigue tests have 

proved the superior mechanical flexibility and robustness of these AJ-printed TE 

nanocomposites, even after 60 hours of continuous flexing cycles (i.e. 36,000 cycles in total). 

These flexible TE nanocomposites with excellent durability, as demonstrated in this work, 

could find applications in thermal energy harvesters for wearable devices, or in applications 

requiring the ease of mounting and the surface conformability of the energy harvester. 
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Chapter 6     

Compositionally Graded Thermoelectric 

Composites  

Most research into functionally graded TE materials has been done by using inorganic TE 

materials. There is currently no report on adopting this concept for polymeric or composite TE 

materials, which could serve as a new way to boost the TE performance of hybrid TE materials 

and devices. This chapter therefore details the development of compositionally graded 

thermoelectric composites (CG-TECs) and their generators. Firstly, various loading ratios of 

inorganic nano-inclusions have been incorporated into PEDOT:PSS matrix by using the in situ 

mixing method to dynamically tune the composition of nanocomposites. Then, these fabricated 

nanocomposites have been measured to ascertain how the inserted nano-fillers contribute to 

their TE properties as a function of the temperature. Lastly, different CG-TECs have been 

developed to comprise multiple dissimilar segments having different TE properties into one 

whole TEG. Accordingly, the optimum TE performance of individual components could be 

fully utilised without compromising performance over a wide operating temperature range. It 

has proved that this CG-TEC design could be an alternative way to enhance TE performance 

and energy conversion efficiency of TEGs. Some parts discussed here have been published in 

“Compositionally Graded Organic-inorganic Nanocomposites for Enhanced Thermoelectric 

Performance”. Adv. Electron. Mater., 2019, 6 (1), 1900720,[252] and they have been adapted 

from that text with granted Copyright permission. It should be noted that the author performed 

all the experiment works and data analysis with the help of other co-authors of the paper.   
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6.1 Temperature-dependent Power Factor of Printed 

Nanocomposites  

The graphs of PF vs. temperature of different AJ-printed PEDOT:PSS-based 

nanocomposites loaded with various wt.% of nano-inclusions were plotted in Figure 6.1 (a). It 

can be seen that each of the TE nanocomposites investigated here displayed different PF 

response profiles with temperature. For a better view and understanding of the trend of TE 

properties as a function of the temperature, the TE data for each composition has been 

separately plotted in the following sections.  

In order to demonstrate the concept of using compositional grading to improve the overall 

TE performance, four specific compositions were selected for a closer view and plotted as 

shown in Figure 6.1 (b), to find out the appropriate combination of material compositions that 

would optimise TE performance over the temperature range of interest. The intention was to 

pair up compositions such that one had a higher PF at the lower temperature range, while the 

other had a higher PF at the higher temperature range when compared to each other, 

i.e. compositions with a ‘crossover’ of PF values across the entire temperature range. Therefore, 

by appropriately tuning the compositions across the whole range, an overall enhanced TE 

performance could be achieved, as compared to that of using individual compositions 

(i.e. single-phase counterparts) across the whole temperature range. If it were to have picked 

one of the other compositions with higher PF over the entire temperature range, it would not 

have been able to demonstrate the benefit of compositional grading. Further investigation of 

the device design and fabrication with the use of this compositional grading concept will be 

elaborated in Section 6.2. 
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Figure 6.1 (a) Temperature-dependent PF measurements of AJ-printed PEDOT:PSS-based 

nanocomposites loaded with different wt.% of nano-inclusions (non-compositionally graded). 

(b) Closer view of 4 specific compositions for the subsequent design and fabrication of the 

compositionally graded structure. (Figures taken from the author’s work [252]. (CC BY 4.0)) 

6.1.1 Pristine PEDOT:PSS Films 

To start with, a pristine PEDOT:PSS film was prepared, and the temperature-dependent 

TE measurement was conducted over a temperature range of 293 K to 363 K, as shown in 

Figure 6.2. It can be seen that S increased in direct proportion to the sample temperature and 

yielded the highest value of ~26.8 μV/K at 363 K. For σ, it also increased with increasing 

temperature, peaking at the temperature of 343 K with a value of 704.5 S/cm. However, with 

further increase in temperature, σ began decreasing slightly. As a combination of both increased 
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S and σ, the maximum PF value of ~50.2 µW/(m.K2) was recorded at 363 K. It was proposed 

that the trend of σ might be attributed to the inter-chain and intra-chain carrier hopping 

processes of the PEDOT:PSS polymer, which followed Mott’s variable range hopping (VRH) 

model.[253] Since the average hopping distance between adjacent particles and the activation 

energy for the hopping of charge carriers were inversely related to the temperature due to the 

thermally activated transport, the carrier mobility of PETODT:PSS increased with increasing 

temperature, and thus an increment in the electrical conductivity.[232] 

 

Figure 6.2 Temperature-dependent measurements of (a) S, (b) σ, and (c) PF of the AJ-printed 

pristine PEDOT:PSS film. (non-compositionally graded)  

6.1.2 Bi2Te3-PEDOT:PSS Thermoelectric Nanocomposites 

Then, Bi2Te3-PEDOT:PSS nanocomposites loaded with 15 wt.%, 35 wt.%, 50 wt.%, 65 

wt.%, 85 wt.% and 90 wt.% Bi2Te3 nanoparticles were AJ-printed and measured, respectively, 

as shown in Figure 6.3. With the increased loading amount of inorganic components, the S 

values increased more dramatically, while the σ values dropped more steeply with increasing 

temperature. This resulted in a gradually increasing PF response profile as a function of the 

temperature, with PF values all reaching the highest at 363 K. A hypothesis was proposed here 

to explain the trend of σ of obtained hybrid nanocomposite structures. This trend might stem 

from the addition of Bi2Te3 nanoparticles within the PEDOT:PSS matrix, which rendered 

nanocomposites behaving from hopping transport to band-like transport.[232] As the number 

of free electrons in a unit volume of the conductor or semiconductor rose exponentially with 

increasing temperature, it led to the dramatic decline in the relaxation time as well as the mean 

free path, thereby a significant drop in electron carrier mobility and electrical conductivity.[254] 

With more loaded amount of Bi2Te3, this carrier scattering phenomenon became more distinct.  
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Figure 6.3 Temperature-dependent measurements of S, σ, and PF of AJ-printed Bi2Te3-

PEDOT:PSS nanocomposites loaded with (a) 15 wt.%, (b) 35 wt.%, (c) 50 wt.%, (d) 65 wt.%, 

(e) 85 wt.%, and (f) 90 wt.% of Bi2Te3 nanoparticles, respectively. (non-compositionally graded) 
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6.1.3 MWCNTs-PEDOT:PSS Thermoelectric Nanocomposites 

For the MWCNTs-PEDOT:PSS nanocomposites loaded with 15 wt.%, 35 wt.%, 50 wt.%, 

65 wt.%, 85 wt.%, and 90 wt.% of MWCNTs, their σ values were observed to increase slightly, 

and then displayed a sharp downward trend with further increase in temperature, as displayed 

in Figure 6.4. Their S values increased gradually, with the resulting PF values all peaking at the 

temperature of 363 K. The possible reason behind this phenomenon might be that as the 

temperature increased at the beginning, the charge carrier density in the conduction band 

increased, resulting in a slightly augmented σ.[254] With more amount of added MWCNTs, 

the obtained nanocomposites were rendered to exhibit a metallic characteristic.[232] As free 

electrons gained energy and started oscillating, more significant electron vibrations and more 

collisions between electrons took place with increasing temperature, leading to the decrease of 

electron carrier mobility and thus an increment of electrical resistance. It should be noted that 

some large error bars shown in Figure 6.4 might stem from the measurement error from 

different batches of samples that were fabricated by different separate printings.  

6.1.4 Sb2Te3-PEDOT:PSS Thermoelectric Nanocomposites 

Lastly, the temperature-dependent TE properties of Sb2Te3-PEDOT:PSS nanocomposites 

loaded with 15 wt.%, 35 wt.%, 50 wt.%, 65 wt.%, 85 wt.%, and 90 wt.% of Sb2Te3 nanoflakes 

were plotted in Figure 6.5. In this group, it was found that the σ values deteriorated with the 

increase of temperature, which was similar to the case of Bi2Te3-PEDOT:PSS nanocomposites 

elaborated in Section 6.1.2. The significant enhancement in S led to all PF values of these AJ-

printed nanocomposites peaking at 363 K, which might be attributed to higher S values of p-

type Sb2Te3 nanoflakes. Note that AJ-printed structures comprising only inorganic 

nanomaterials without the conducting PEDOT:PSS polymer matrix were found to be 

electrically insulating, and their TE properties were unable to be measured, as previously 

discussed in Chapters 4 and 5. Therefore, they were not included here.   
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Figure 6.4 Temperature-dependent measurements of S, σ, and PF of AJ-printed MWCNTs-

PEDOT:PSS nanocomposites loaded with (a) 15 wt.%, (b) 35 wt.%, (c) 50 wt.%, (d) 65 wt.%, 

(e) 85 wt.%, and (f) 90 wt.% of MWCNTs, respectively. (non-compositionally graded) 
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Figure 6.5 Temperature-dependent measurements of S, σ, and PF of AJ-printed Sb2Te3-

PEDOT:PSS nanocomposites loaded with (a) 15 wt.%, (b) 35 wt.%, (c) 50 wt.%, (d) 65 wt.%, 

(e) 85 wt.%, and (f) 90 wt.% of Sb2Te3 nanoflakes, respectively. (non-compositionally graded) 
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6.2 Compositionally Graded Thermoelectric Composites 

6.2.1 Design of Compositionally Graded Thermoelectric Composites 

From the temperature-dependent PF values of different AJ-printed TE nanocomposites, the 

PF response profiles of different pairs of TE elements are presented in Figure 6.6, spanning the 

temperature range of interest. Figure 6.6 (a) shows the PF profiles of the 15 wt.% 

Bi2Te3-PEDOT:PSS nanocomposite and the pristine PEDOT:PSS film intersecting at a 

temperature Tx of 318 K. The 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite exhibited higher 

PF values than that of the pristine PEDOT:PSS film below 318 K (blue curve in Figure 6.6 (a)), 

while above the Tx, the PEDOT:PSS film surpassed the nanocomposite in terms of its PF 

(black curve in Figure 6.6 (a)). Similarly, Figure 6.6 (b) displays the PF profiles of the 50 wt.% 

Sb2Te3-PEDOT:PSS nanocomposite and the pristine PEDOT:PSS film, where the Tx was 313 

K. The solid green lines highlighted in Figure 6.6 indicate the highest PF values that could be 

obtained through a combination of the respective compositions above and below Tx, while the 

solid red lines in Figure 6.7 show the opposite case for comparison. Therefore, by using these 

graphs, compositionally graded thermoelectric composites (CG-TECs) could be designed and 

fabricated. Different material compositions were optimised to work across different 

temperature ranges, according to whichever correspondingly exhibited higher PF values.  

As demonstrated in below schematic illustrations, a dual-segment TE leg could be 

composed of the 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite or the 50 wt.% 

Sb2Te3-PEDOT:PSS nanocomposite at the cold side, with the pristine PEDOT:PSS film at the 

hot side. Then, the optimal length of each TE element could be determined according to the 

intersection temperature, which will be further discussed in the following sections. On top of 

that, the 85 wt.% MWCNTs-PEDOT:PSS nanocomposite was also examined, as presented in 

Figure 6.8. However, since the degree of the crossover was considerably low here, the resulting 

TE performance improvement derived from the CG-TEC design was marginal. As a result, this 

set of material combination was not further explored in this study.    
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Figure 6.6 Temperature-dependent PF measurements of (a) 15 wt.% Bi2Te3-PEDOT:PSS 

nanocomposite and pristine PEDOT:PSS film, and (b) 50 wt.% Sb2Te3-PEDOT:PSS 

nanocomposite and pristine PEDOT:PSS film, respectively, indicating a crossover temperature 

where one composition outperforms the other. The insets illustrate the schematics of the design 

structure for the ‘good design’. (Figures taken from the author’s work [252]. (CC BY 4.0))   

  

 

Figure 6.7 Temperature-dependent PF measurements of (a) 15 wt.% Bi2Te3-PEDOT:PSS 

nanocomposite and pristine PEDOT:PSS film, and (b) 50 wt.% Sb2Te3-PEDOT:PSS 

nanocomposite and pristine PEDOT:PSS film, respectively, indicating a crossover temperature 

where one composition underperforms the other. The insets illustrate the schematics of the 

design structure for the ‘bad design’.    
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Figure 6.8 Temperature-dependent PF measurements of 85 wt.% MWCNTs-PEDOT:PSS 

nanocomposite and pristine PEDOT:PSS film for (a) the ‘good design’ and (b) the ‘bad design’,  

respectively, where the insets illustrate the schematics of the design structure.    

6.2.2 Thermal Conductivity Calculation and Prediction of Nanocomposites 

Since the thermal conductivity of the TE nanocomposite is an important parameter to be 

considered in the subsequent COMSOL simulation for the CG-TEC design and fabrication in 

the following sections. However, there are difficulties associated with measuring the thermal 

conductivity in the nanocomposite structures, which are essentially printed/patterned thin films 

on thick underlying substrates. As demonstrated by Zhang et al. in their review, the calculation 

and prediction of the thermal conductivity of polymer-based composites are highly complicated. 

Because their thermal conductivity is a function of the filler structure and its dispersion, the 

intrinsic thermal conductivity of both the filler and polymer, as well as the interfacial thermal 

resistance.[253] In order to address these issues, the effective thermal conductivity values of 

the nanocomposite structures were calculated and predicted here. Analytical calculations were 

carried out to ascertain by how much the thermal conductivity was affected in these 

nanocomposite structures by using a model based on Maxwell’s equation,[255–257] where the 

phonon scattering effect was not considered here. Since the loaded inclusions in this work were 

mainly nanocrystals, the model for the spherical particulate was used here, where spherical 

particulates with the thermal conductivity of K* were randomly dispersed in a medium with the 



166                       Chapter 6.   Compositionally Graded Thermoelectric Composites 

 

thermal conductivity of K. Equation 6-1 was firstly evaluated in the context of electrical 

conduction.[255] The model is valid for the volume fraction (φ) < 25% and does not include 

the effect of the interfacial phonon scattering effect. Thus, Equation 6-1 gives an upper limit to 

the effective thermal conductivity of the nanocomposite (Keff).  

𝐾𝑒ff

𝐾
= 1 + 

3𝜑

(
𝐾∗+2𝐾

𝐾−𝐾∗ )− 𝜑
                   (6-1) 

where Keff is the effective thermal conductivity of the nanocomposite [W/(m·K)]; K is the 

thermal conductivity of the medium [W/(m·K)]; K* is the thermal conductivity of the spherical 

particulate [W/(m·K)]; φ is the volume fraction occupied by the particulates.  

Table 6-1 summarises the properties of different TE materials adopted for the thermal 

conductivity calculation and prediction of their resulting AJ-printed nanocomposite structures. 

It should be noted that for the ease of comparison, most data are sourced from the COMSOL 

built-in database except cited. The adopted data here matched well with the average range of 

different literature. For the 15wt.% Bi2Te3-PEDOT:PSS nanocomposite, its volume fraction 

was calculated to be ~3 vol.% according to its nominal wt.%. Its effective thermal conductivity 

was therefore calculated to be ⁓0.31 W/(m.K), with the density of ⁓1212 kg/m3 and the heat 

capacity of ⁓975 J/(kg.K), which were calculated based on the volume fraction of the loaded 

Bi2Te3 particulates. For the 50 wt.% Sb2Te3-PEDOT:PSS nanocomposite, its volume fraction 

was calculated to be ~13 vol.% according to its nominal wt.%. Thus, its effective thermal 

conductivity was calculated to be ⁓0.38 W/(m.K), with the density of ⁓1725 kg/m3 and the heat 

capacity of ⁓887 J/(kg.K), which were calculated based on the volume fraction of the loaded 

Sb2Te3 particulates. The increment in the thermal conductivity was found to be very low here, 

because the loading volume percentage values of these inorganic inclusions are much lower 

than their nominal weight percentage values (i.e. 3 vol.% for 15 wt.% Bi2Te3, and 13 vol.% for 

50 wt.% Sb2Te3). 

Figure 6.9 shows the Keff/K vs. φ plot of different polymer-based TE nanocomposites 

loaded with Bi2Te3 or Sb2Te3 nano-inclusions within a PEDOT:PSS matrix as a function of the 
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filler volume fraction, which was calculated by Equation 6-1. The values of the φ relevant to 

this study are indicated on the graph. It can be seen that the Keff value was increased by ⁓4% 

and ⁓25% for the Bi2Te3-based and Sb2Te3-based nanocomposites, respectively. This gave an 

upper bound for the thermal conductivity of nanocomposite structures, which was found to be 

only slightly higher than that of the pristine polymer matrix, owing to their low loading volume 

fractions. This result indicates the above estimates are in good agreement with the calculations 

here. Therefore, these small variations in the thermal conductivity have been accounted for. 

These calculated thermal conductivity values were adopted in the subsequent COMSOL 

simulations for the CG-TEC design. It should also be noted that these thermal conductivity 

values only represent the upper limit, as they will be further reduced when considering the 

phonon scattering effect at the organic-inorganic interfaces, as elucidated in Section 

2.4.4.[3,4,19,253] This effect will serve to improve TE performance even further, and further 

optimisation of the thermal conductivity is hence not required, but is already inherently present.  

Table 6-1 Summary of the properties of different TE materials adopted in the thermal 

conductivity calculation and prediction of their resulting AJ-printed nanocomposite structures.  

Material 
Density 

(kg/m3) 

Heat capacity  

(J/(kg.K))  

Thermal conductivity  

[W/(m.K)] 

Volume fraction 

(%) 

Bi2Te3 7700 154 1.2 3 

Sb2Te3 6500 129 1.65 13 

PEDOT:PSS[93] 1011 1000 0.3 N.A. 

 

Figure 6.9 Calculation and prediction of the effective thermal conductivity of different 

polymer-based TE nanocomposite structures as a function of the filler volume fraction.  



168                       Chapter 6.   Compositionally Graded Thermoelectric Composites 

 

6.2.3 Simulation of Compositionally Graded Thermoelectric Composites 

According to the above temperature-dependent TE measurement results, the intersection 

temperature (Tx) used for the CG-TEC design was located by varying the length of different 

components under the simulated temperature distribution. The simulated prediction was 

subsequently validated by fabricating geometrically optimised CG-TECs and characterising 

them using the laboratory-built TE measurement setups, where the appropriate boundary 

position between two different components was estimated based on the simulation results. 

In the examples discussed below, the boundary between the first and second portions was 

selected to be at or near the location of the intersection temperature in the PF response profiles 

of two TE materials. The intersection location was calculated by modelling the theoretical 

temperature distribution along the length of a TE leg operating under a given ΔT. To design the 

printing pattern for the CG-TEC, a finite element computational model based on the COMSOL 

Multiphysics was used to simulate the heat flow and temperature distribution along the 

CG-TECs. The Heat Transfer in Solids physics interface was employed to define the 

temperature variation throughout the TE leg. The contribution of temperature-dependent TE 

properties and the influence of contact resistance were not considered in the simulation model 

here. The coloured lines represent the isotherm with a colour bar relating the colour to a 

temperature, where the black line indicates the location of Tx, which accordingly defines the 

boundary between the first and second components. The temperature at either end was set to 

293 K and 363 K, respectively, to provide a ΔT of 70 K across the whole TE leg (see Figures 

6.10 and 6.11). The optimal length of different segmented TE legs was determined according 

to their thermal conductivity values, as calculated in the above Section 6.2.2.  

Regarding the effect of contact thermal resistance at the interfaces, it was neglected here. 

Because both components of the CG-TEC structure were AJ-printed with an imposed overlap 

zone without any hard physical interfaces, i.e. no step-change in the composition between the 

two components of the CG-TEC, which will be detailed in the following Section 6.25. In 

addition, the underlying polymeric matrix across the interface was the same in both cases 
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(i.e. PEDOT:PSS), and the loading volume fraction of inorganic nano-inclusions was relatively 

low. These could synergistically lead to a fairly small variation in the thermal conductivity and 

contact resistance across the compositional-graded interfaces. 

Figure 6.10 (a) shows the temperature distribution profiles for determining the device 

structure of the ‘good design’ for the CG-TEC comprising 15 wt.% Bi2Te3-PEDOT:PSS 

nanocomposite + PEDOT:PSS, by varying the length of the 15 wt.% Bi2Te3-PEDOT:PSS 

nanocomposite part from 7 mm to 10 mm, where the 15 wt.% Bi2Te3-PEDOT:PSS 

nanocomposite was positioned on the cold side (see Figure 6.6 (a)). It was found that for the 

targeted intersection temperature of 318 K, 7.5 mm length of the nanocomposite was chosen 

for the ‘good design’. For the ‘bad design’, the positions of both components were swapped, 

as highlighted in the solid red line in Figure 6.7 (a), i.e. the pristine PEDOT:PSS film on the 

cold side. Then, the length of the PEDOT:PSS part was varied from 5 to 8 mm. The targeted 

intersection temperature of 318 K was obtained at 6.5 mm from the end. This dimension was 

chosen for the device fabrication of the ‘bad design’.  

Similarly, for the ‘good design’ shown in Figure 6.6 (b), the length of the 50 wt.% 

Sb2Te3-PEDOT:PSS nanocomposite part was varied from 7 to 10 mm, as simulated in Figure 

6.11 (a). The intersection temperature of 313 K occurred at 8 mm. This dimension was then 

used for the CG-TEC device fabrication. For the ‘bad design’ illustrated in Figure 6.7 (b), the 

length of the PEDOT:PSS was varied from 3 to 6 mm, and the intersection temperature of 

313 K was found at 4 mm from the end (see Figure 6.11 (b)).  
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Figure 6.10 Temperature distribution profiles of (a) ‘good design’ and (b) ‘bad design’ for the 

CG-TECs comprising 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS.  
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Figure 6.11 Temperature distribution profiles of (a) ‘good design’ and (b) ‘bad design’ for the 

CG-TECs comprising 50 wt.% Sb2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS.  
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6.2.4 Fabrication of Compositionally Graded Thermoelectric Composites 

For the CG-TEC comprising 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS, 

the boundary location was determined to be approximately 7.5 mm from the cold end of a 

20 mm long TE leg (i.e. 0 mm to 7.5 mm was composed of the 15 wt.% Bi2Te3-PEDOT:PSS 

nanocomposite, while 7.5 mm to 20 mm was the pristine PEDOT:PSS film, as shown in Figure 

6.12 (a)). For the CG-TEC comprising 50 wt.% Sb2Te3-PEDOT:PSS + PEDOT:PSS, the 

boundary location was approximately 8 mm from the cold end (i.e. 0 mm to 8 mm was 

composed of the 50 wt.% Sb2Te3-PEDOT:PSS nanocomposite, whereas 8 mm to 20 mm was 

the pristine PEDOT:PSS film, as presented in Figure 6.12 (b)). As illustrated in Figures 6.12 

(c) and (d), the AutoCAD-designed patterns were derived accordingly, and the CG-TECs were 

then printed via the AJP method.  

Similarly, an extreme opposite case was designed by adopting a ‘bad design’ to verify the 

CG-TEC concept, as demonstrated in Figure 6.13. It should be noted that the individual 

components in these AJ-printed CG-TECs were connected without using additional electrical 

joints, thus avoiding the creation of interfaces and/or defects within the resulting TEG. The two 

parts were AJ-printed one after the other with a narrow overlap region (~250 μm in width), 

which will be further discussed in the next section. At the same time, TEGs that were based on 

the single-phase pristine PEDOT:PSS film, 15 wt.% Bi2Te3-loaded nanocomposite, and 50 wt.% 

Sb2Te3-loaded nanocomposite were prepared, respectively, as control samples to compare their 

TE performance with that of TEGs based on CG-TECs. The thickness values of all these 

AJ-printed TE nanocomposites used in this work ranged from 1 to 1.5 μm.  
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Figure 6.12 COMSOL simulation results showing the temperature distribution profile along 

(a) CG-TEC comprising 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS for 

‘good design’ and (b) CG-TEC comprising 50 wt.% Sb2Te3-PEDOT:PSS nanocomposite + 

PEDOT:PSS with ‘good design’, respectively. AutoCAD-designed pattern of the 

compositionally graded structure and photographic image of the AJ-printed of (c) CG-TEC 

comprising 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS for ‘good design’, and 

(d) CG-TEC comprising 50 wt.% Sb2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS for 

‘good design’, respectively. (Figures taken from the author’s work [252]. (CC BY 4.0)) 
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Figure 6.13 COMSOL simulation results showing the temperature distribution profile along 

(a) CG-TEC comprising PEDOT:PSS + 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite for the 

‘bad design’ and (b) CG-TEC comprising PEDOT:PSS + 50 wt.% Sb2Te3-PEDOT:PSS 

nanocomposite for the ‘bad design’, respectively. AutoCAD-designed patterns of the 

compositionally graded structure and photographic images of the AJ-printed (c) CG-TEC 

comprising PEDOT:PSS + 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite for the ‘bad design’, 

and (d) CG-TEC comprising PEDOT:PSS + 50 wt.% Sb2Te3-PEDOT:PSS nanocomposite for 

the ‘bad design’, respectively. (Figures taken from the author’s work [252]. (CC BY 4.0))  
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6.2.5 Interfaces of Compositionally Graded Thermoelectric Composites 

As can be seen in Figure 6.14 (a), the AJ-printed CG-TEC structure had a transition region 

between each portion of the composite elements, wherein the transition region was 

continuously compositionally graded. The interface between two AJ-printed components was 

quite smooth and uniform. Based on the AutoCAD-designed pattern for printing in Figure 

6.14 (b), there was a 250-μm overlap zone, where the material composition of that region 

should be a mixture of two components. However, since the printing order of the CG-TEC 

structure was such that the PEDOT:PSS part was printed first, followed by the 15 wt.% 

Bi2Te3-PEDOT:PSS nanocomposite on top, the optical microscope image in Figure 6.14 (c) 

and the SEM micrographs in Figures 6.14 (d) and (e) only show the surface morphology 

(i.e. mostly imaging the top layer of the 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite part in 

the overlap zone). It should be noted that the lines seen in the images were artefacts of the 

printing, as it was done layer-by-layer. Moreover, by virtue of the fairly high printing resolution 

of the AJP technique as well as the precise control of the position and dimensions of deposited 

films, no connection issues were observed in the CG-TEC structures during fabrication. The 

overlap regions between different printed components were very well aligned in position, as 

revealed in Figures 6.14 (c) - (e). Also, the underlying PEDOT:PSS polymeric matrix could 

ensure the robust electrical contact across the interfaces.  

Since the matrix of both components was PEDOT:PSS polymer across the whole length, 

the 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite phase and the pure PEDOT:PSS phase were 

well mixed in the transition region, thereby providing a variation of composition over a narrow 

region across the interfaces. In other words, there was no step-change in composition between 

two components of the CG-TEC. This smoothly graded interface served to avoid otherwise 

common interface problems, e.g. cracks and other defects introduced and accumulated due to 

the thermal misfit and thermo-mechanical stress. In particular, the diffusion or contamination 

issues, arising at the joints of dissimilar components, could also significantly degrade the 

performance and lifetime of the TEG. More importantly, unlike other segmented FG-TEMs, 
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the joining and soldering processes to assemble different components could be avoided in the 

AJ-printed CG-TECs. In the case of a poor joining procedure, considerably high thermal and 

contact resistances are often introduced by the mismatch at the interfaces, which could largely 

reduce the power output of TEGs.[185] Besides, precisely positioning solders and/or electrodes 

at the interfaces is technically challenging.[172] To the best of the author’s knowledge, this 

CG-TEC concept was proposed, for the first time, to solve interface-related issues effectively.  

 

Figure 6.14 (a) Photographic image of the AJ-printed CG-TEC comprising 15 wt.% 

Bi2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS. (b) Enlarged AutoCAD-designed pattern 

showing the overlap zone between two different components, where the green part represents 

the 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite, while the red part is the pristine PEDOT:PSS 

film. (c) Optical microscope image and (d) SEM image of the transition region between two 

different components of the CG-TEC, where more details of the interface are revealed in (e) 

the enlarged SEM image. (Figures taken from the author’s work [252]. (CC BY 4.0))  
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6.3 Compositionally Graded Thermoelectric Generators 

6.3.1 Performance of Compositionally Graded Thermoelectric Generators 

Here, different compositionally graded thermoelectric generators (CG-TEGs) and their 

non-compositionally graded homogeneous (i.e. single-phase) counterparts were fabricated, and 

their TE performance was subsequently evaluated, as detailed in Section 3.10.2. All these TEGs 

were tested under the same ΔT of 70 K, and a thermal camera was used here to monitor the 

localised temperature values of the cold and hot sides, as shown in Figure 6.15. Due to the 

resolution limit of the used thermal camera, the obtained temperature distribution profiles were 

not distinct. Future work by using a higher-resolution thermal camera is therefore required.         

 

Figure 6.15 (a) Photographic and (b) thermal images of an AJ-printed CG-TEG under a 

constant applied ∆T of ~70 °C. The circle highlights the localised temperature reading.  

Figure 6.16 presents measurements of voltage and power outputs plotted as a function of 

the external load resistance for different single-phase TEGs as well as CG-TEGs under the 

same ΔT. Impedance matching with all these TEGs revealed that they all delivered maximum 

power outputs across an external load resistance of 50 Ω. For a more straightforward 

comparison of the power output between different samples, all the power output values at the 

load resistance of 50 Ω were re-plotted in Figure 6.17, rather than comparing their ZT values. 

This would inherently include the effect of thermal conductivity, as it is the actual power 

outputs that are compared here, not the intrinsic ZT value. It is evident that each of the CG-
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TEGs outperformed their single-phase counterparts in terms of both voltage and power outputs. 

Among them, the CG-TEG comprising 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite + 

PEDOT:PSS exhibited the most enhanced power output up to ~13 nW and a power area density 

of ~0.03 μW/cm2 (i.e. volumetric power density of ~100 μW/cm3). The CG-TEG comprising 

50 wt.% Sb2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS came second with a power output 

of ~10 nW. The power outputs of these CG-TECs were higher than that of their single-phase 

counterparts by a factor of almost 2. Additionally, the CG-TEG comprising 15 wt.% 

Bi2Te3-PEDOT:PSS nanocomposite + 50 wt.% Sb2Te3-PEDOT:PSS nanocomposite still 

showed higher power outputs than their single-phase counterparts. But individually, these 

components had lower PF values than the PEDOT:PSS, which led to its relatively lower power 

output than the other two CG-TEGs. These results clearly show that the CG-TEG design is 

particularly effective in enhancing the TE performance and power outputs compared with 

non-compositionally graded TEGs, with more than double improvement in the power output. 

This provided the possibility of achieving higher average PF and/or ZT values over a wide 

temperature range by grading different compositions. Since only a single TE leg was utilised 

in each TEG for the ease of comparison between different samples, only a relatively small 

difference in the power output was seen. However, this difference could be significantly 

amplified by the use of a plurality of such TE legs in a practical TEG application. 

In order to further verify this CG-TEC concept, the power outputs of CG-TEGs were tested 

in two configurations. Firstly, the ΔT was applied along the correct forward direction, i.e. the 

15 wt.% Bi2Te3-loaded nanocomposite and the 50 wt.% Sb2Te3-loaded nanocomposite part on 

the cold side, respectively, while the PEDOT:PSS on the hot side, which was previously 

referred as the ‘good design’. Secondly, the ΔT direction was reversed, such that the respective 

PF values were not optimised in the right temperature range order, i.e. ‘bad design’. In the case 

of single-phase TEGs, there was no significant difference in their power outputs when 

switching the ΔT direction, as expected. However, more than 50% drop in Pmax was seen in 

both CG-TEGs when the ΔT was applied in a reverse direction (see Figure 6.18), indicating 

that these CG-TEGs were not fully utilised in their optimum operating conditions. To further 



Chapter 6.   Compositionally Graded Thermoelectric Composites                       179 

 

prove the concept that this CG-TEC design is an effective way to optimise the TE performance, 

an extreme opposite case was designed by adopting a ‘bad design’ as referred above. It can be 

seen from Figure 6.19 that the power outputs of both CG-TEGs with ‘bad design’ were 

substantially deteriorated, leading to the values that were even lower than that of their 

single-phase counterparts. Hence, proper material matching and device design are of utmost 

importance to maximise the power output of the CG-TEGs. 

 

Figure 6.16 Measurements of voltage and power outputs against various external load 

resistances of (a) pristine PEDOT:PSS film (non-compositionally graded), (b) 15 wt.% Bi2Te3-

PEDOT:PSS nanocomposite (non-compositionally graded), (c) 50 wt.% Sb2Te3-PEDOT:PSS 

nanocomposite (non-compositionally graded), (d) CG-TEG comprising 15 wt.% Bi2Te3-

PEDOT:PSS nanocomposite + PEDOT:PSS, (e) CG-TEG comprising 50 wt.% Sb2Te3-

PEDOT:PSS nanocomposite + PEDOT:PSS, and (f) CG-TEG comprising 15 wt.% Bi2Te3-

PEDOT:PSS nanocomposite + 50 wt.% Sb2Te3-PEDOT:PSS nanocomposite, respectively, 

under the same ΔT of 70 K. (Figures taken from the author’s work [252]. (CC BY 4.0)) 
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Figure 6.17 Comparison of voltage and power outputs of 6 different TEGs under the same 

applied ΔT of 70 K across an external load resistance of 50 Ω. (Figures taken from the author’s 

work [252]. (CC BY 4.0)) 

 

Figure 6.18 Measurements of voltage and power outputs of the CG-TEG comprising 15 wt.% 

Bi2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS in (a) forward direction and (b) reverse 

direction, and the CG-TEG comprising 50 wt.% Sb2Te3-PEDOT:PSS nanocomposite + 

PEDOT:PSS in (c) forward direction and (d) reverse direction.  
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Figure 6.19 Measurements of voltage and power outputs of (a) the CG-TEG comprising 15 wt.% 

Bi2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS for ‘bad design’, and (b) the CG-TEG 

comprising 50 wt.% Sb2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS for ‘bad design’. 

6.3.2 Prototype of Compositionally Graded Thermoelectric Generator 

To further demonstrate the practical application of these CG-TEGs, 20 repeating TE legs 

of CG-TECs comprising 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite + PEDOT:PSS, were 

AJ-printed on a flexible PI sheet (see Figure 6.20 (a)). These TE legs were connected 

electrically in series and thermally in parallel by using AJ-printed Ag electrodes. This CG-TEG 

was then rolled into a coiled structure for practical applications, as demonstrated in Figures 

6.20 (b) and 6.21 (a), showing its excellent mechanical flexibility. Thermal images of the 

CG-TEG in Figure 6.21 (b) were taken for measuring the ΔT between the top and bottom parts 

along these TE legs, where a hot plate was used as a heat source to create a ΔT. This coiled 

CG-TEG prototype with a total internal sample resistance (RS) of ~954 Ω could deliver 

open-circuit voltage (Voc) of ~12.5 mV, short-circuit current (Isc) of ~11.3 μA, and maximum 

power output (Pmax) of ~41nW, when exposed to an operating ΔT of ~40 °C. It shows that this 

CG-TEG could be used for the thermal energy harvesting in a wearable device, or for the waste 

heat recovery, such as from hot water pipes up to 100 °C. Moreover, its power output could be 

further enhanced by connecting with other n-type TE legs in series to form a number of 

p-n junctions, thereby possibly achieving the power density level that is necessary for an 

integrated self-powered system, e.g. wireless sensor networks and IoT applications.[50]  
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Figure 6.20 (a) Photographic image of a CG-TEG AJ-printed on a flexible PI sheet with 

20 repeating TE legs of CG-TECs comprising 15 wt.% Bi2Te3-PEDOT:PSS nanocomposite + 

PEDOT:PSS. (b) It could be rolled into a coiled structure with excellent mechanical flexibility. 

 

 

Figure 6.21 (a) Photographic image of the coiled CG-TEG prototype with electrical 

connections for the measurement of voltage and power outputs. (b) Thermal images showing 

the measurement of the temperature gradient between the top and bottom parts of the CG-TEG. 

The circle highlights the localised temperature reading. 
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6.4 Summary 

In this work, the author has explored the temperature-dependent TE properties of different 

AJ-printed PEDOT:PSS-based nanocomposites loaded with various nano-inclusions, ranging 

from Bi2Te3 nanoparticles, Sb2Te3 nanoflakes, to MWCNTs. By selecting proper compositions 

based on the temperature-dependent PF profiles, different dual-segment CG-TECs have been 

designed to maximise their average PF values across the entire temperature gradient. Their 

power output values were then found to be superior to their non-compositionally graded 

counterparts. This proved that the CG-TEG design could provide a means of significantly 

improving the TE performance and energy conversion efficiency of the whole TEG device, 

highlighting its potential for being employed in practical energy harvesting applications. This 

finding hence opens the door to a wide range of material combinations comprising a variety of 

existing conducting polymers and/or inorganic TE nano-fillers, which could be tailored for the 

use across a specific temperature gradient. It is worthwhile mentioning that this work has led 

to the filing of a patent “Thermoelectric materials, devices and methods of production thereof”, 

earlier this year.   
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Chapter 7     

Stretchable Thermoelectric Generators 

Existing fabrication methods for stretchable TEGs in the literature are currently too 

sophisticated to be scaled up, and the associated cost may be too high.[204] Therefore, simple 

and scalable fabrication processes are paramount to be explored. In this chapter, the author has 

combined a highly stretchable serpentine structure with the facile and scalable 

aerosol-jet printing as well as film lift-off techniques for the fabrication of stretchable and 

potentially wearable TEGs. Single-layer free-standing stretchable TE structures having 

different device designs have been first developed. Subsequently, their TE performance and 

mechanical stretchability under different applied temperature gradients as well as imposed 

mechanical conditions have been evaluated by rigorous stretchability tests. A more extensive 

fatigue test has been carried out on these stretchable TE structures to test their reliability over 

prolonged stretching cycles. Furthermore, a multilayered structure has been fabricated as a 

stretchable TEG prototype. Also, the CG-TEC concept has been incorporated into the 

stretchable structure to attain further improvement of TE performance. Lastly, substrate-based 

stretchable TEGs have been explored by applying PDMS and PU elastomers as stretchable 

substrates. 
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7.1 Morphology Characterisation of Stretchable Structures 

7.1.1 In-plane Structure 

Figure 7.1 shows the morphology of the AJ-printed stretchable serpentine TE structure 

with in-plane design. A dense and compact film structure with smooth edges was obtained on 

each printed layer by virtue of the excellent printing quality of the AJP method. More 

cross-sectional features of the free-standing TE structure were revealed in Figure 7.2. No 

apparent cracks, fractures, or residual impurities were observed after the film lift-off process. 

This confirms that the film lift-off approach is a facile and efficient way to produce 

free-standing stretchable structures. As shown in Figure 7.3, single-layer structures of different 

components (i.e. PI and PEDOT:PSS) were individually AJ-printed and measured. The average 

thickness and width of the PI supporting layer were measured to be ~22 μm and ~240 μm, 

respectively, while the PEDOT:PSS film had the thickness of ~3 μm and width of ~165 μm. 

The total thickness of the free-standing TE structure was ~25 μm, and the width was ~240 μm.  

 

Figure 7.1 (a) Top-down SEM image of the serpentine TE structure with in-plane design, 

where (b) shows its enlarged view. (c) is the PI supporting layer. (d) is the PEDOT:PSS film. 

(e) The inset illustrates the cross-sectional design of different stacked layers. 
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Figure 7.2 Cross-sectional SEM images (a) and (b) of the free-standing TE structure with 

in-plane design, where the enlarged images (c) and (d) reveal more details of their cross-section. 

(e) The inset illustrates the cross-sectional design of different stacked layers. 

 

Figure 7.3 Profilometer thickness measurements of (a) the PI supporting layer, (b) the 

PEDOT:PSS film, and (c) the free-standing TE structure, respectively. Their insets illustrate 

the cross-sectional designs of different stacked layers. 
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7.1.2 Out-of-plane Structure 

Figure 7.4 shows the morphology of the single-layer AJ-printed stretchable TE structure 

with out-of-plane design. The PI used as the supporting layer has the thickness of ~15 μm and 

the width of ~490 μm (see Figure 7.5 (a)). The PEDOT:PSS was employed as the active TE 

material with the thickness of ~4 μm and the width of ~320 μm (see Figure 7.5 (b)). The Ag 

was utilised as the conducting electrode with the thickness of ~5 μm and the width of ~160 μm 

(see Figure 7.5 (c)). Similar to the above-discussed in-plane structure, this out-of-plane 

structure possessed dense and compact film structures with smooth edges, which were seen in 

all the PI supporting layer, PEDOT:PSS film, and Ag electrode.  

 

Figure 7.4 (a) Top-down SEM image of the single-layer AJ-printed stretchable TE structure 

with out-of-plane design. (b) reveals the interface between (c) the PEDOT:PSS film and (d) the 

Ag electrode. (e) and (f) show their optical microscope images, where the darker part 

represented the PEDOT:PSS film, while the brighter part was the Ag electrode.    
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Figure 7.5 Profilometer thickness measurements of (a) the PI supporting layer, (b) the 

PEDOT:PSS film AJ-printed on top of the PI layer, and (c) the Ag electrode AJ-printed on top 

of the PI layer. Their insets illustrate the cross-sectional designs of different stacked layers. 

 

7.1.3 Multilayered Structure 

For practical stretchable TEG application, three layers of materials were stacked up into 

one whole free-standing stretchable TEG device via the multilayer printing method that was 

elaborated in Section 3.10.3. Figure 7.6 displays the morphology of the 3-layer AJ-printed 

stretchable TE structure. In between each layer, a PI film was employed as the supporting and 

encapsulating layer to prevent electrical shorting between other layer of materials. In order to 

protect the stretchable TE structure from detrimental environmental factors and/or mechanical 

failure during use, a PI encapsulation layer was AJ-printed on top to package the whole device, 

as presented in Figure 7.7. As plotted in Figure 7.8, the dimensions of different layered 

structures were investigated in detailed. The total thickness and width of this multilayered TE 

structure were found to be ~70 μm and ~400 μm, respectively.  
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Figure 7.6 (a) Top-down SEM image of the 3-layer AJ-printed stretchable TE structure with 

out-of-plane design, which was stacked up with 3 layers of materials into one whole 

free-standing TE structure. (b) reveals the interface between (c) the PEDOT:PSS film and (d) 

the Ag electrode. (e) and (f) show their optical microscope images, where the darker part 

represented the PEDOT:PSS film, while the brighter part was the Ag electrode. 

 

Figure 7.7 (a) Top-down SEM image of the 3-layer AJ-printed stretchable TE structure with 

out-of-plane design, which was encapsulated with a PI layer on top. (b) reveals the interface 

between (c) the PEDOT:PSS film and (d) the Ag electrode. (e) and (f) show their optical 

microscope images, where the PI film fully packaged the whole device. 
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Figure 7.8 Profilometer thickness measurements of different parts of the 3-layer AJ-printed 

stretchable TE structure with out-of-plane design. Their insets illustrate the cross-sectional 

designs of different stacked layers. 

 

7.2 Simulation of Stretchable Structures 

7.2.1 In-plane Structure 

Theoretical modelling based on the ABAQUS simulation has been conducted on different 

stretchable serpentine structures when being stretched to 50%. As can be seen in Figure 7.9, 

the local strain of the serpentine PI supporting structure was mainly concentrated at the edges, 

leaving the strain homogeneously distributed along the inner structure with comparatively low 

strain values. Due to the novel serpentine structure, the free-standing structure was mostly 

stretched via the deformation of its geometry rather than the materials theoretically. As a result, 

the mechanical stretchability of this structure was significantly improved owing to no damage 

on the materials when being stretched at lower strains.  
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Figure 7.9 ABAQUS simulation on the strain distribution of the serpentine PI supporting 

structure when being stretched to 50%. (a) is the top-down view, (b) is the side view, and (c) is 

the enlarged view, revealing more details of the strain distribution.  

Figure 7.10 demonstrates that the local strain distribution of the serpentine PEDOT:PPS-PI 

composite structure was akin to that of the above PI supporting structure. The twist of the 

serpentine geometry and the PI supporting layer synergistically helped accommodate most 

mechanical deformation and strain so as to protect the printed PEDOT:PSS film from 

high-stress level.[159] The tension on the surface of PEDOT:PPS film maintained almost 

unchanged as the original state, indicating that there was little influence on the inner active 

materials and their electrical characteristics when being stretched. Additionally, no evident 

strain concentration was seen at the interfaces between different material layers, which might 

be ascribed to the small difference in their Young’s moduli as well as the good adhesion 

between different material layers where a firm bonding was formed by the co-curing process.  
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Figure 7.10 ABAQUS simulation on the strain distribution of the serpentine PEDOT:PSS-PI 

composite structure with in-plane design when being stretched to 50%. (a) is the top-down 

view, (b) is the side view, and (c) is the enlarged view, revealing more details of the strain 

distribution. The top thinner layer is the PEDOT:PSS, while the bottom thicker layer is the PI. 

7.2.2 Out-of-plane Structure 

The ABAQUS simulation result in Figure 7.11 reveals the strain distribution in the 

serpentine PEDOT:PPS-Ag-PI composite structure with out-of-plane design. It can be seen that 

both PEDOT:PSS films and Ag electrodes should be well protected by the PI supporting layer 

from mechanical strains. Akin to the above in-plane structure, the PI supporting layer was the 

major component that accommodated most local strains, which should be mainly concentrated 

at the edges of the out-of-plane composite structure. The PEDOT:PSS and Ag parts were the 

limiting factors that constrained the overall stretchability of the composite structure here. Thus, 

PEDOT:PSS films and Ag electrodes were designed to be AJ-printed in the centre so that they 

could be mostly unaffected when being stretched. More importantly, the serpentine shape could 

render both PEDOT:PPS films and Ag electrodes geometrically stretchable. Hence, the PI 
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supporting layer is indispensable here. Without the support and protection from the PI, AJ-

printed PEDOT:PSS films and Ag electrodes could be prone to fracture, even when being 

stretched at lower strains. Due to the higher Young’s modulus of the Ag electrodes, they were 

therefore designed to be comparatively thin and narrow here compared to the bulk PI 

supporting layer, and they were AJ-printed near the centre so that they could be well protected 

by the PI matrix from any external strains. Also, thinner and narrower Ag electrodes helped 

avoid the risk of thermal shorting of the TEG. Hence, no evident local strain concentration was 

seen within the Ag electrode, even though the Ag electrode has much higher Young’s modulus 

than that of PI and PEDOT:PPS. It should also be pointed out that the excellent adhesion 

between different material layers formed here has played a vital role in bonding them into one 

unit, as the delamination issue at the interfaces could be avoided.      

 

Figure 7.11 ABAQUS simulation on the strain distribution of the serpentine 

PEDOT:PSS-Ag-PI composite structure with out-of-plane design when being stretched to 50%. 

(a) is the top-down view, (b) is the side view, and (c) is the enlarged view, revealing more 

details of the strain distribution. The top-left thinner layer is the PEDOT:PSS, and the top-right 

thinnest layer is the Ag, while the bottom thickest layer is the PI.  
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7.3 Stretchability Tests  

The stretchability limit of the serpentine structure was first evaluated here. Their electrical 

characteristics were measured when applying different levels of mechanical strain uniaxially 

along the in-plane direction. Figure 7.12 shows the resistance variation of the stretchable TE 

structure as a function of the wire extension, until being stretched to failure. The free-standing 

stretchable TE structure demonstrated superior mechanical stretchability and deformability, 

which could withstand a considerably high degree of uniaxial stretching, up to ~200% 

extension of its original length (i.e. fully stretched the serpentine geometry). This indicates that 

the self-supported nature of this free-standing structure has significantly improved the 

achievable stretchability of the serpentine geometry. The insets present the deformed structures 

in response to different extensions upon in-plane stretching. Only an ~18% increment in the 

resistance, from 1158 to 1369 Ω, was observed, without indicating any signs of electrical or 

mechanical failure. Below its plastic yielding threshold, the resistance increased almost linearly 

with increasing wire elongation. However, the serpentine shape did not revert to its original 

state after being released from around 150% extension, as it started to deform the PI and 

PEDOT:PSS materials, which caused unrecoverable plastic deformation. In this regard, this 

stretchable TE structure should be used at a lower strain level.  

 

Figure 7.12 Resistance measurement of the free-standing stretchable TE structure when being 

stretched at different extensions, ranging from 0% up to 220%. 
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In order to experimentally verify that the AJ-printed stretchable TE structures could be 

applied as a stretchable power source, they were tested at a strain of 50% and 100%, which 

were well below their plastic yielding and fracture thresholds. It should be highlighted that 

these applied strains were much higher than the operating stretchability of current wearable 

electronic devices, in which the required strain was ~30%, given human motions.[220] In this 

work, the open-circuit voltage (Voc) and maximum power (Pmax) outputs of different AJ-printed 

stretchable TE structures were evaluated as a function of the applied ΔT, when being stretched 

at 0%, 50%, and up to 100%, respectively. As elaborated in Section 3.7.3, a constant 

steady-state ∆T was applied across the TE leg by making one side contacted with the hot surface 

of a Peltier module, while the other side was contacted with the cold surface of another Peltier 

module (for in-plane design), or with the ambient air (for out-of-plane design). The thermal 

distribution profiles of these stretchable TE structures under different imposed mechanical 

conditions were mapped by a thermal imaging camera. The value of ΔT between both ends was 

determined by focusing on and recording the real-time temperature values at different positions 

via the thermal imaging camera. The electrical characteristics of AJ-printed stretchable TE 

structures were measured by the measurement setup described in Section 3.7.3.   

7.3.1 In-plane Structure  

As plotted in Figure 7.13, only a marginal drop in the voltage and power output was seen 

in the single-layer AJ-printed stretchable TE structure with in-plane design with increasing 

stretching strain from 0% up to 100%. The insets present the deformed structures in response 

to different strains upon in-plane stretching. Their voltage and power outputs almost fully 

recovered to the original state after being released, suggesting that the influence of mechanical 

deformations on the TE performance was almost negligible here. The TE performance of this 

free-standing stretchable TE structure was mostly dependent on the applied ΔT and nearly 

immune to the imposed mechanical strains. However, the obtained Pmax value was only 

~0.06 nW (Voc of ~0.43 mV and RS of ~757 Ω with 1 TE leg unit) under a ∆T of ~25 °C and a 

stretching strain of 50%, which was rather low compared to that reported in the literature. These 
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low outputs might stem from the intrinsically low ZT value of PEDOT:PSS and the lack of 

forming multiple n-p connected TE legs to fully utilise the ∆T. Another reason might be due to 

the low fill factor of the current-developed device geometry. Thus, the out-of-plane and 

multilayered structures were integrated in the following section for comparison.  

 

Figure 7.13 Voltage and power output measurements on the single-layer AJ-printed stretchable 

TE structure with in-plane design as a function of the applied ΔT, when being stretched at a 

strain of (a) 0%, (b) 50%, and (c) 100%, respectively. The insets show the deformed structures 

at different strains. (d) Overall comparison of Pmax at various applied ΔT and strains. 

The thermal images in Figure 7.14 display the temperature distribution across the 

serpentine-shaped TE structure, when being stretched at different strains: 0%, 50%, and 100%, 

respectively, under a constant applied ΔT of ~25 °C. From the left to right side, the colour 

gradient along the TE leg retained almost unchanged when being stretched, confirming that 

these mechanical deformations had little influence on the temperature distribution along the 

TE leg. This is mainly because the hollow and free-standing nature of this serpentine structure 

helped hinder the heat transfer, and the temperature gradient was maintained due to the 

relatively low κ of the air [~0.026 W/(m.K)] and the PI supporting layer [~0.45 W/(m.K)].[204] 
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However, due to the limitation of the current-use thermal camera, it was difficult to observe 

more details of the temperature distribution profile. Future work by using a thermal camera 

with higher resolution is therefore required. 

 

Figure 7.14 (a) Photographic and thermal images of the unstretched and unheated single-layer 

AJ-printed stretchable TE structure with in-plane design. Thermal images of the stretchable TE 

structure being stretched at a strain of (b) 0%, (c) 50%, and (d) 100%, respectively, under a 

constant applied ∆T of ~25 °C. The circle highlights the localised temperature reading.  
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7.3.2 Out-of-plane Structure  

Compared with the in-plane structure discussed above, the out-of-plane structure exhibited 

a comparatively greater decrease in its Voc and Pmax values when being stretched at various 

deformation strains. As shown in Figure 7.15, the decrease in voltage and power outputs 

became more obvious, especially at higher applied ΔT. A maximum drop in Pmax ~50% was 

seen at the ΔT of ~35 °C, which might be attributed to the reduced ΔT across the TE leg when 

the TE structure was stretched along the in-plane direction. As indicated in the thermal profiles 

in Figure 7.16, the TE legs were tilted by ~45° towards the horizontal hot surface of the Peltier 

module when being stretched from 0% to 100% strain. The hot ends of TE legs became less 

contact with and more away to the hot surface. Higher heat source temperature of the Peltier 

module was required to maintain the same ΔT. As a result, the applied ΔT along individual TE 

legs was not fully utilised here, and the device conversion efficiency was also deteriorated, 

which therefore led to the reduced Voc and Pmax values when operated at the same ΔT. Another 

reason that diminished the Voc and Pmax might be the increase of the sample resistance caused 

by the imposed mechanical deformations. In this regard, this stretchable TEG could perform 

better in the situation where it is stretched along the temperature gradient direction. Future 

work by using a better testing geometry is therefore required for further investigation. 

Despite the greater drop in TE performance at higher applied ΔT, this stretchable TE 

structure exhibited stable TE performance even while undergoing different levels of 

mechanical deformations. This out-of-plane structure could achieve an increment of an order 

of magnitude in Pmax ~0.78 nW (Voc of ~0.92 mV and RS of ~270 Ω with 5 TE leg units) 

compared to that of the in-plane structure with Pmax ~0.06 nW (Voc of ~0.43 mV and 

RS of ~757 Ω with 1 TE leg unit) under the same ΔT of ~25 °C and same stretching strain of 

50%. This proves that the out-of-plane structure is a more efficient device design for thermal 

energy harvesting It is noteworthy that no visible cracks or fractures were seen in this 

stretchable TE structure before and after the stretchability test. Also, it recovered to its original 

serpentine shape after being released.  
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Figure 7.15 Voltage and power output measurements on the single-layer AJ-printed stretchable 

TE structure with out-of-plane design as a function of the applied ΔT, when being stretched at 

a strain of (a) 0%, (b) 50%, and (c) 100%, respectively. The insets show the deformed structures 

at different strains. (d) Overall comparison of Pmax at various applied ΔT and strains. 
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Figure 7.16 Photographic and thermal images of the unstretched and unheated single-layer 

AJ-printed stretchable TE structure with out-of-plane design. Thermal images of the stretchable 

TE structure being stretched at a strain of (b) 0%, (c) 50%, and (d) 100%, respectively, under 

a constant applied ∆T of ~25 °C. The circle highlights the localised temperature reading.  
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7.4 Fatigue Tests 

The long-term cyclic strain stability of the stretchable TE structures was studied by a 

prolonged fatigue test. Both in-plane and out-of-plane free-standing structures were uniaxially 

stretched and released at an applied periodic strain of 50% up to 20,000 stretching cycles 

(i.e. 40 hours of continuous testing at a frequency of 0.15 Hz), as demonstrated in the lower 

right insets in Figures 7.17 and 7.18. The data after different stretching cycles were recorded 

accordingly via the bespoke measurement setup discussed in Section 3.8. The left insets reveal 

more details of the V/Vo and R/Ro profiles. It was found that the voltage output and resistance 

oscillated in response to the maximum and minimum mechanical strains across each stretching 

cycle. The shape change of the stretchable TE structure after each stretching cycle could cause 

a small drop in the voltage output and/or a small increment in the resistance. The changes of 

voltage output (V/Vo) and sample resistance (R/Ro) in both stretched and relaxed states were 

found to gradually decrease and increase, respectively, over the fatigue test. 

The fatigue test results in Figures 7.17 and 7.18 show that a small drop in the voltage 

output was observed after the prolonged fatigue test without causing any significant mechanical 

or electrical damage (~15% decrease for the in-plane structure and ~20% decrease for the 

out-of-plane structure), which might be attributed to the decrease of their Seebeck coefficient 

values. While their sample resistance maintained nearly unchanged (~5% increment for the in-

plane structure and ~12% increment for the out-of-plane structure). Since the voltage output 

fluctuated a bit more even when not being stretched, the resistance was preferably selected here 

to better evaluate the electrical characteristics as a function of the imposed mechanical strain. 

Beyond a certain point (~12,500 cycles for the in-plane structure and ~10,000 cycles for the 

out-of-plane structure), the sample resistance variation became less significant, and then 

plateaued as the stretching cycles increased. This result demonstrates that these stretchable TE 

structures reached a stable and reproducible conducting configuration.[159] These innovative 

free-standing serpentine structures thus facilitated the stretchable TE structures to be durable 

and mechanically robust, even when subjected to prolonged repetitive stretching cycles. These 
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structures outperformed other reported stretchable TEGs that were typically attached to 

elastomeric substrates.[204,207,221] Also, it should be noted that these stretchable TE 

structures were tested over a period of one month with negligible degradation in their TE 

performance. These fatigue test results are of vital importance, given that such extensive fatigue 

data are rarely reported in the literature for stretchable TEGs. 

 

Figure 7.17 Fatigue test on the stretchable TE structure with in-plane design, which is 

continually tested under a periodic stretching strain of 50% at a frequency of 0.15 Hz for 

40 hours (i.e. 20,000 cycles in total). (a) is the V/Vo profile under a constant ∆T of ~25 °C, and 

(b) is the R/Ro profile measured at the room temperature. The left enlarged insets reveal more 

details of their profiles, and the lower right inset demonstrates the stretching process.   



204                                     Chapter 7.   Stretchable Thermoelectric Generators 

 

 

Figure 7.18 (a) Fatigue test on the stretchable TE structure with out-of-plane design, which is 

continually tested under a periodic stretching strain of 50% at a frequency of 0.15 Hz for 

40 hours (i.e. 20,000 cycles in total). (a) is the V/Vo profile under a constant ∆T of ~25 °C, and 

(b) is the R/Ro profile measured at the room temperature. The left enlarged insets reveal more 

details of their profiles, and the lower right inset demonstrates the stretching process.     

As observed in Figure 7.19, although these stretchable serpentine structures did not fully 

revert to their original shapes, they still exhibited good stretchability and retained their original 

smooth surface without forming any noticeable cracks or delamination after prolonged cyclic 

stretching. Their voltage output and resistance did not recover to their original values after 

being released, which might be ascribed to unrecoverable local damage occurring within the 
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TE structures that could limit their lifetime as reliable TEGs.[159] As can be seen in the SEM 

micrographs in Figures 7.20 and 7.21 taken after the prolonged fatigue test, some micron-sized 

cracks were prone to forming on the edges of the PI supporting layer, and some parts of the PI 

film had peeled off. Nevertheless, no visible cracks or fractures were observed in the main bulk 

of the PEDOT:PSS film that retained nearly intact. These microcracks initiated on the edges 

and then propagated towards the centre of the serpentine structure as the local strains 

accumulated over time. This could have led to fracture and/or failure as these microcracks 

joined across the serpentine TE structure. These experimental results indicate a good agreement 

with the ABAQUS simulation results in Section 7.2, and they explain the root cause of the 

observed mechanical stretchability and robustness in these stretchable TE structures. It was 

found that PEDOT:PSS films and Ag electrodes did not peel off or delaminate from the PI 

supporting layer, which could be attributed to the co-curing process that promoted the rigid 

PEDOT:PSS films and Ag electrodes to be firmly embedded within the ductile PI layer, 

forming a strong bonding in between. Since the PI layer was served as a supporting and 

protective matrix for PEDOT:PSS and Ag, a firm adhesion between them is crucial to guarantee 

a greater mechanical strength. Moreover, their overall mechanical robustness could be further 

improved by encapsulating another PI layer on top to protect PEDOT:PSS films, and to 

reinforce the overall mechanical strength by forming a sandwich structure, thereby elongating 

the TEG device lifetime. By virtue of these innovative serpentine designs, these stretchable 

free-standing TE structures exhibited excellent mechanical stretchability and robustness that 

were akin to a piece of rubber, and they could therefore sustain larger mechanical deformations 

without causing any physical damages. In comparison, most stretchable electronic devices can 

only be operated at deformation strains below ~50%.[221,258,259] 

 

Figure 7.19 Photographic images of stretchable TE structures with (a) in-plane design and (b) 

out-of-plane design, respectively, after the prolonged fatigue test.  



206                                     Chapter 7.   Stretchable Thermoelectric Generators 

 

 

Figure 7.20 (a) SEM image of the stretchable TE structure with in-plane design after the 

prolonged fatigue test, where the enlarged images (b), (c) and (d) reveal the microcracks mainly 

formed on the edges of the PI supporting layer, and some parts of the PI film had peeled off. 

 

Figure 7.21 (a) SEM image of the stretchable TE structure with out-of-plane design after the 

prolonged fatigue test, where the enlarged images (b), (c) and (d) show the microcracks mainly 

appeared on the edges of the PI supporting layer, and some parts of the PI film had peeled off.  
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7.5 Multilayered Stretchable Thermoelectric Generators 

According to the equation discussed in Section 3.10.2, Pmax = n(ΔV)2/4RS, a multilayered 

structure should be employed to increase the number of TE legs within the same TEG unit, 

thereby improving the power output level. Multiple layers containing a number of TE legs 

should be connected electrically in series and thermally in parallel. Here, as fabricated in 

Section 3.10.3, three layers of TE materials were stacked up into one whole TEG by using the 

AJP technique. It was found that this multilayered structure not only largely improved the 

power output, but it also significantly promoted the mechanical stretchability. As can be seen 

from Figure 7.22, the 3-layer AJ-printed stretchable TE structure with out-of-plane design has 

achieved a significant improvement in the TE performance even under higher mechanical 

strains. The Pmax of ~3.89 nW (Voc of ~2.23 mV and RS of ~320 Ω with 15 TE leg units) was 

obtained under a ΔT of ~25 °C and a stretching strain of 50%. Its Pmax value was found to be 

improved by a factor of 5 compared to that of its single-layer structure with Pmax ~0.78 nW 

(Voc of ~0.92 mV and RS of ~270 Ω with 5 TE leg units). This result verifies that the power 

output can be easily enhanced by simply increasing the number of stacked layers without losing 

its excellent mechanical stretchability and without involving extra sophisticated and 

time-consuming processes. This therefore enables the stretchable TEG to achieve a sufficient 

power output level to satisfy the power requirement of current wearable electronic devices.  

Figure 7.23 shows the temperature distribution profiles of the multilayered structure when 

being stretched. They were akin to that of the single-layer structure, where the TE legs were 

tilted by up to 45° under the in-plane stretching. However, a slightly smaller drop in the Pmax 

with increasing strain was seen in Figure 7.22 (d). This indicates that with the multilayered PI 

encapsulation, the multilayered PEDOT:PSS films and Ag electrodes could be well supported 

and protected from detrimental environmental factors and/or mechanical failures, such as 

cracking or delamination when being stretched. This therefore remarkably enhanced the overall 

mechanical stretchability and robustness of the encapsulated multilayered stretchable TEG 

against handing and/or mechanical deformations following prolonged use. Moreover, since the 
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multilayered structure could hinder the phonon transport by introducing a multitude of 

scattering events across interfaces,[1,77] the overall thermal conductivity of this composite 

structure could be substantially reduced. This could thus significantly enhance the TE 

performance and energy conversion efficiency of the resulting stretchable TEG in practical use.  

 

 

Figure 7.22 Voltage and power output measurements on the 3-layer AJ-printed stretchable TE 

structure with out-of-plane design as a function of the applied ΔT, when being stretched at a 

strain of (a) 0%, (b) 50%, and (c) 100%, respectively. The insets show the deformed structures 

at different strains. (d) Overall comparison of Pmax at various applied ΔT and strains. 
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Figure 7.23 (a) Photographic and thermal images of the unstretched and unheated 3-layer 

AJ-printed stretchable TE structure with out-of-plane design. Thermal images of the stretchable 

TE structure being stretched at a strain of (b) 0%, (c) 50%, and (d) 100%, respectively, under 

a constant applied ∆T of ~25 °C. The circle highlights the localised temperature reading.  
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7.6 Prototype of Stretchable Thermoelectric Generator 

Since these free-standing TEGs possessed superior flexibility and stretchability, they could 

be mounted onto various curved surfaces, even those with very high curvatures, such as heat 

pipes, or could be worn onto a human body by virtue of their excellent mechanical stability and 

shape conformance. These hollow and free-standing stretchable TEGs were very small and 

lightweight, with a mass of ~0.005 g and ~0.01 g for the single-layer in-plane and out-of-plane 

structure, respectively. Their power-to-weight ratios were calculated to be ~12 nW/g and 

~78 nW/g, respectively, which reveals their promising potentials as comfortable and breathable 

TEGs for integration into wearable applications.  

Here, in order to demonstrate the practical use of these stretchable TEGs in real-life 

applications, different prototypes of stretchable TEGs comprised of a different number of TE 

legs (5 and 10) were fabricated by the AJP technique. It should be mentioned that these 

AJ-printed stretchable TE structures were all single-layer structures with a PI encapsulation 

layer on top to give better TE performance as well as mechanical stretchability and robustness 

as discussed above. Subsequently, they were wrapped around the curved surface of glass tubes 

with curvatures of 63 m-1 and 126 m-1, respectively, using double-sided tape, as displayed in 

Figures 7.24 (a) and 7.25 (a). The glass tubes were then filled with hot water to create a ΔT 

of ~35 °C between their surface and the ambient air, as measured from the thermal images in 

Figures 7.24 (b) and 7.25 (b). By virtue of the excellent stretchability of these stretchable TEGs, 

they were well aligned with the radial heat direction formed by the glass tube. A stable Voc 

of ~1.1 mV and Pmax of ~1.2 nW was generated from the stretchable TEG with 5 TE legs, while 

a Voc of ~2.4 mV and Pmax of ~2.7 nW was achieved from the stretchable TEG with 10 TE legs. 

It was found that the Voc and Pmax values obtained here were slightly lower than those achieved 

in Section 7.3.2. Because some TE legs were not set perfectly vertical to the surface of the glass 

tube and the whole TEG was stretched at the strain of roughly 30% to 50%, these led to 

inefficient use of the ΔT along individual TE legs. Nevertheless, this result demonstrates that 

these stretchable TEGs could be integrated with a variety of non-flat surface applications. It 
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also confirms the promising possibility of deploying these stretchable TEGs as an energy 

source for some ‘small-power’ applications, such as wearable devices and portable electronics.  

Although the current power output of these stretchable TEGs is not sufficient enough to 

drive any mainstream portable and wireless electronics, like smartphone and wearable watch, 

it is believed these innovative stretchable TEGs could pave the way to the industrial 

commercialisation of next-generation self-powered electronic devices and wearable sensors. 

These microscale stretchable structures can be integrated with miniaturised electronic systems, 

e.g. transmitters or biosensors, which are operated at much lower power consumption 

level.[204] They are also compatible with the micro-electromechanical system (MEMS), which 

is one of the potential applications for TEGs. Since the versatile AJP technique is compatible 

with a variety of materials, including inorganics, organics, and their composite structures, as 

discussed in above Chapters 4 and 5, it may be feasible to achieve a higher power output up to 

the level of microwatts by combining with high-performance TE materials, such as Bi2Te3 and 

Sb2Te3 nanomaterials. Also, their power output can be enhanced by incorporating with other 

high-performance n-type TE materials to form n-p junctions. Furthermore, their power output 

can be further improved up to an order of magnitude by stacking up with multiple layers of TE 

materials via repeated printing, as demonstrated in Section 7.5.   
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Figure 7.24 (a) Top-down and side-view images of the stretchable TEG with 5 TE legs, which 

was worn on a glass tube with a curvature of 63 m-1. Scale bar: 5 mm. (b) Thermal images 

showing the measurement of the ΔT between the inner and outer temperatures of the TE leg. 

The circle highlights the localised temperature reading.  

 

Figure 7.25 (a) Top-down and side-view images of the stretchable TEG with 10 TE legs, which 

was worn on a glass tube with a curvature of 126 m-1. Scale bar: 5 mm. (b) Thermal images 

showing the measurement of the ΔT between the inner and outer temperatures of the TE leg. 

The circle highlights the localised temperature reading.   
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7.7 Stretchable Compositionally Graded Thermoelectric 

Generator 

Here, the author also demonstrates another approach to enhancing the power output by 

incorporating the CG-TEC concept, as discussed in Chapter 6. Figure 7.26 shows the 

morphology of the stretchable CG-TEG with in-plane design, which was comprised of 15 wt.% 

Bi2Te3-PEDOT:PSS nanocomposite on the left side and PEDOT:PSS film on the right side. 

This stretchable CG-TEG exhibited Pmax of ~0.91 nW (Voc ~1.63 mV and RS ~732 Ω with 1 TE 

leg unit), when it was exposed to an operating ΔT ~70 °C. The applied ΔT was monitored by a 

thermal imaging camera, as presented in Figure 7.27. In comparison, the stretchable 

single-phase TEG that was comprised of only the PEDOT:PSS film possessed Pmax ~0.46 nW 

(Voc ~1.34 mV and RS ~959 Ω with 1 TE leg unit), under the same applied ΔT of ~70 °C. This 

result shows that the CG-TEC design has been successfully combined with the stretchable 

serpentine design to achieve both higher TE performance and larger mechanical stretchability.   

As shown in Figures 7.28 and 7.29, this AJ-printed stretchable CG-TEG exhibited 

improved TE performance while retaining its intrinsically high stretchability. Compared to the 

stretchable single-phase TEG discussed in Section 7.3.1, a nearly 3-fold increase of the Pmax 

was seen in this stretchable CG-TEG. A slightly greater drop in the Pmax was observed upon 

stretching to 100% strain, which might be ascribed to the slightly lower stretchability of the 

15 wt.% Bi2Te3-PEDOT:PSS nanocomposite. Nonetheless, this minor degradation in the TE 

performance can be compromised when compared with the significant power output 

improvement that was contributed by this CG-TEC design.      
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Figure 7.26 (a) Top-down SEM image of the stretchable CG-TEG with in-plane design, and 

(b) the enlarged view of its interface, which was comprised of (c) 15 wt.% Bi2Te3-PEDOT:PSS 

nanocomposite on the left side and (d) PEDOT:PSS film on the right side. 

 

Figure 7.27 Thermal images of (a) the stretchable CG-TEG and (b) the stretchable single-phase 

TEG, respectively, under the same applied ∆T of ~70 °C. The circle highlights the localised 

temperature reading.   
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Figure 7.28 Voltage and power output measurements on the single-layer AJ-printed stretchable 

CG-TEG with in-plane design as a function of the applied ΔT, when being stretched at a strain 

of (a) 0%, (b) 50%, and (c) 100%, respectively. The insets show the deformed structures at 

different strains. (d) Overall comparison of Pmax at various applied ΔT and strains.  
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Figure 7.29 (a) Photographic and thermal images of the unstretched and unheated single-layer 

AJ-printed stretchable CG-TEG with in-plane design. Thermal images of the stretchable 

CG-TEG being stretched at a strain of (b) 0%, (c) 50%, and (d) 100%, respectively, under a 

constant applied ∆T of ~25 °C. The circle highlights the localised temperature reading.  



Chapter 7.   Stretchable Thermoelectric Generators                                     217 

 

7.8 Substrate-based Stretchable Thermoelectric Generators 

As shown in Figures 7.30 (a) and (b), the serpentine-shaped PEDOT:PSS films and Ag 

electrodes were successfully embedded within a PDMS or PU matrix with a total thickness of 

~1 mm and ~0.5 mm, respectively, via the AJP method. A strip-shaped structure was also 

fabricated in Appendix A.9 for comparison. Since both the PEDOT:PSS and Ag inks used for 

the AJP process were water-based, and the PDMS and PU substrates became hydrophilic after 

oxygen plasma treatment, the resulting printing quality was quite good here. It can be seen in 

Figures 7.30 (c) and (d) that AJ-printed PEDOT:PSS films and Ag electrodes firmly adhered 

to the PDMS or PU substrates, where a PDMS or PU encapsulation layer was coated on top to 

protect them. Nonetheless, when it came to the multilayered structure fabrication, the alignment 

of the subsequent layer deposition was extremely challenging. This might stem from the 

dimension change of the previously deposited layer, because the PDMS and PU substrates were 

prone to shrinkage after the high-temperature curing treatment and their thickness increased 

after the encapsulation layer deposition. Moreover, there existed some other issues in this 

approach. Firstly, AJ-printed PEDOT:PSS films and Ag electrodes were required to be co-cured 

with the pre-formed PDMS or PU substrates at 130 °C for 12 hours so as to ensure the electrical 

conduction of Ag electrodes and to give firm adhesion between AJ-printed films and 

elastomeric substrates. However, this prolonged high-temperature curing process substantially 

degraded the pre-formed PDMS and PU substrates, and they became quite rigid and lost their 

stretchability owing to their low thermal stability. Secondly, although no apparent cracks or 

delamination were found in PEDOT:PSS films or Ag electrodes from the optical microscope 

or SEM, they retained electrically disconnected. This might be because the thermal expansion 

of PDMS or PU substrates during the prolonged high-temperature curing treatment caused 

some internal disconnects within PEDOT:PSS films and/or Ag electrodes. Due to the higher 

thermal expansion coefficient of PDMS and PU, they expanded and shrunk to a larger extent 

than PEDOT:PSS and Ag when being heated and cooled during the curing process. After 

cooling down to the room temperature, the PDMS and PU substrates recovered to their original 
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shapes, and the cracks formed within PEDOT:PSS films and/or Ag electrodes were 

‘self-healed’. As a result, these cracks could not be seen in the optical microscope or SEM. 

However, they did exist, and they eventually caused electrical disconnects within these 

substrate-based stretchable TEGs.  

 

Figure 7.30 Photographic images of (a) PDMS or (b) PU substrate-based stretchable TEGs 

with (c) PDMS or (d) PU encapsulated on top. Scale bar: 10 mm. 

Here, another approach is proposed to solve the above-mentioned problems by printing 

PEDOT:PSS films and Ag electrodes onto a PI supporting layer so that they could be well 

protected from electrical disconnects during the co-curing process. Additionally, the PI 

supporting layer is essential here to form the free-standing TE structure, as discussed in Section 

7.1. Eventually, different free-standing TE structures were embedded within the PDMS or PU 

by the drop-casting method. As presented in Figures 7.31 (a) and (b), single-layer and 3-layer 

AJ-printed stretchable TE structures were successfully embedded within the PDMS by the 

one-step drop-casting method. Although these PDMS-based TEGs (cured at 80 oC for 2 hours) 

became more stretchable than that of the above-developed PDMS-based one (cured at 130 oC 

for 12 hours), they still suffered from the limited stretchability. Due to the limitation of the 

substrate that largely reduced their stretchability, they could endure only ~30% stretching strain 

prior to fracture and failure. The cracks were prone to initiating and propagating along both 

ends, where the PDMS-based TEGs were clamped and the highest local strains were induced. 

For the PU-based TEGs, since PU solution contained a high concentration of DMF solvent (95 

wt.%), it was found that the subsequent PU layer deposition could partially dissolve the 

previously deposited and solidified PU film, thereby resulting in the deformed film with rough 

and non-uniform surfaces. This issue could be alleviated by heating the deposited PU film when 



Chapter 7.   Stretchable Thermoelectric Generators                                     219 

 

drop-casting the subsequent PU solution as well as by using less amount of PU solution in each 

deposition so that DMF solvent could be quickly evaporated prior to dissolving the previously 

cured and solidified PU film. Consequently, the thickness of PU film could be quickly built up 

by the multiple drop-casting method. However, some air bubbles were created during the drop-

casting process, as presented in Figure 7.31 (c). Although these minor defects did not affect the 

mechanical strength of the TEG, they were prone to forming larger voids and cracks when 

being stretched cyclically, as demonstrated in Figure 7.31 (d). Unfortunately, fractures occurred 

in different positions of the embedded serpentine TE structure when being stretched at a small 

deformation strain of 30%. More apparent cracks and disconnects were seen, as the strain was 

increased to 50%. It was found that both the non-stretchable PEDOT:PSS films and Ag 

electrodes were stretched along with the PU substrate, rather than stretching the serpentine 

structure. This thus led to the loss of high stretchability in these serpentine-shaped TE structures.  

 

Figure 7.31 Photographic images of (a) single-layer and (b) 3-layer AJ-printed stretchable TE 

structures embedded within the PDMS, and (c) 3-layer AJ-printed stretchable TE structure 

embedded within the PU, (d) which was stretched at a strain of 50%. Scale bar : 5 mm.  

Apart from the loss of high mechanical stretchability, another drawback of these 

substrate-based TEGs is their higher thermal conductivity. Since the air in the hollow structure 

described in Section 7.3 with lower κ [~0.026 W/(m.K)][204] was replaced by the PDMS or 

PU elastomers with higher κ [~0.17 W/(m.K) for PDMS[260] and ~0.2 W/(m.K) for PU[261]], 
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the heat conduction between the hot and cold sides could become much faster, and thus leading 

to a smaller temperature gradient created, as demonstrated in thermal images in Figure 7.32. 

Meanwhile, since no heat sink was employed here due to the difficulty of being mounted, these 

substrate-based TEGs had to be cooled naturally by the ambient air which is a bad heat sink. 

Consequently, this resulted in a substantial loss in their energy conversion efficiency during 

practical use. Considering these results, these substrate-based TEGs were not an ideal option 

for stretchable thermal energy harvesting applications. 

 

Figure 7.32 (a) Photographic and thermal images of the unstretched and unheated 3-layer 

AJ-printed stretchable TE structure embedded within the PU. Thermal images of the PU-based 

stretchable TEG being stretched at a strain of (b) 0% and (c) 50%, respectively, under a constant 

applied ∆T of ~25 °C. The circle highlights the localised temperature reading. 
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7.9 Summary 

In conclusion, fully printed free-standing and stretchable TE structures have been 

developed, for the first time, by using the facile and versatile AJP method. The PEDOT:PSS 

and Ag inks have been AJ-printed and embedded within a PI supporting layer to form a 

stretchable serpentine structure. Some technological constraints of the PEDOT:PSS polymer, 

e.g. brittleness, poor processability, and high cost, could be overcome by this means. Different 

sacrificial substrate materials have also been explored to achieve free-standing structures via 

the in-house developed film lift-off method. These fabrication techniques could render the 

PEDOT:PSS polymer compatible with large-scale production of stretchable TEG applications. 

The in-plane and out-of-plane design structures have been adopted here for comparing their TE 

performance and mechanical properties. The thickness of these free-standing structures could 

be varied from ~15 μm to ~70 μm by varying the number of AJ-printed layers. The pristine 

PEDOT:PSS film is non-stretchable. Nevertheless, with these innovative serpentine structures, 

its strain-to-break value has been increased up to 200%, which has rendered the PEDOT:PSS 

particularly robust with superior mechanical stretchability. These PEDOT:PSS-based 

stretchable TE structures have shown excellent TE performance with Pmax of ~0.78 nW and 

Voc of ~0.92 mV at a ΔT of ~25 °C as well as no substantial loss in their electrical 

characteristics when subjected to being stretched at 50% mechanical strain over a prolonged 

period of time (continuous 20,000 stretching cycles for 40 hours). Also, the CG-TEC concept 

has been successfully incorporated into the stretchable structure so as to achieve further TE 

performance improvement. Lastly, substrate-based stretchable TEGs have been investigated by 

applying PDMS and PU elastomers as stretchable substrates. However, neither their obtained 

TE performance nor mechanical stretchability exhibited as good as that of free-standing 

structures. 
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Chapter 8     

Conclusions and Future Work 

8.1 Conclusions 

This thesis has explored the feasibility of utilising organic-inorganic thermoelectric (TE)  

nanocomposites for application in harvesting thermal energy from low-grade heat sources. 

Flexible and stretchable thermoelectric generators (TEGs) have been developed to expand their 

applicability, particularly in wearable electronics. In order to address the rigidity of inorganic 

TE materials which hinders them from being applied in flexible and/or stretchable TEGs, a 

systematic investigation on the fabrication of a novel hybrid organic-inorganic nanocomposite 

structure has been presented, for the first time, by using a bespoke aerosol-jet printing (AJP) 

technique. Here, flexible and conducting poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate (PEDOT:PSS) has been used as a polymeric matrix to provide mechanical support 

and flexibility to high-performance inorganic TE nano-fillers, ranging from Bi2Te3 

nanoparticles and Sb2Te3 nanoflakes to multiwall carbon nanotubes (MWCNTs). An innovative 

in situ mixing method has been developed to systematically vary the weight percentage of the 

loaded inorganic nano-inclusions within different PEDOT:PSS-based TE nanocomposites. 

Subsequently, these fully printed nanocomposite structures have been optimised by 

dynamically tuning their compositions during the AJP process alongside optimising printing 

quality. This approach has effectively solved previous issues related to poor distribution and 

dispersion of the loaded nano-fillers and resulted in well-dispersed hybrid nanocomposite 
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structures, thereby enhancing their final TE properties. Different design structures, according 

to specific applications, have also been fabricated. Moreover, compositionally graded 

composite structures have been demonstrated to further improve the energy conversion 

efficiency and power output of these AJ-printed TE nanocomposites across the entire operating 

temperature range. Finally, novel free-standing serpentine designs have been realised with the 

facile and scalable AJP technique to produce stretchable TEGs. The multilayered structure has 

also been developed to achieve higher power output. Although the currently generated electric 

output of these fabricated flexible and stretchable TEGs was not sufficient enough to directly 

power any sensor nodes, it is believed they have great potential for powering future low-power 

microelectronics by deploying higher-performance TE materials as well as forming higher-

efficiency n-p junctions in the TEG. They also offer the pathway to large-scale manufacturing 

of flexible and stretchable TEGs as wearable energy harvesting or sensing components for the 

next-generation autonomous devices.  

In Chapter 4, the fabrication of flexible p-type PEDOT:PSS-based nanocomposites have 

been demonstrated, for the first time, by using a versatile, cost-effective, and easily scalable 

AJP technique. Also, a facile, high-yield and scalable solvothermal synthesis approach has been 

developed for the synthesis of Bi2Te3 and Sb2Te3 nanomaterials. This low-temperature 

solution-based synthesis method allowed good control of size and shape at the nanoscale, thus 

enabling greater enhancement in the TE properties of the resulting nanocomposites. Here, 

various weight percentages of Bi2Te3/Sb2Te3 nanomaterials with higher S and higher σ have 

been integrated with the low-κ PEDOT:PSS polymer, for printing TE nanocomposites on a 

cheap and flexible PI sheet. By adopting the in situ mixing method, the aerosol flow rates from 

two separate atomisers in fluid connection with respective ink sources could be individually 

and independently adjusted during the printing process, thereby allowing fine-tuning the 

composition of the nanocomposite being AJ-printed. This therefore enabled various loading 

ratios of Bi2Te3/Sb2Te3 nano-fillers within the PEDOT:PSS matrix. By properly tuning the flux 

ratio and flow speed, as well as choosing the appropriate number of printed layers, improved 

TE properties with excellent mechanical flexibility and robustness have achieved in these 
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AJ-printed nanocomposites. Among them, the PEDOT:PSS-based nanocomposites loaded with 

85 wt.% Sb2Te3 nanoflakes possessed the highest PF with a value of ~28.3 µW/(m.K2). 

Importantly, they have exhibited stable and robust performance even upon repeated flexing. 

The demonstration of flexibility enables broader applications of these AJ-printed TE 

nanocomposites, particularly for wearable electronic devices. Moreover, the in-house 

developed in situ mixing approach can open up the possibility of using the same inks of 

individual constituent materials to print nanocomposite structures with various compositions. 

Chapter 5 presented the results of AJ-printed hybrid TE nanocomposites on a flexible 

substrate, which were comprised of low-κ PEDOT:PSS, high-σ MWCNTs, and high-S Sb2Te3 

nanoflakes. By virtue of the versatility of the AJP technique and the in situ mixing method, 

almost no surfactant has been added here to stabilise MWCNTs in solution form, which could 

significantly enhance their electrical conductivity. The well-dispersed MWCNTs and Sb2Te3 

nano-inclusions also facilitated the reduction of the overall thermal conductivity by phonon 

scattering at the organic/inorganic interfaces, thereby improving their final TE performance. 

Different polar solvents have been used to surface-treat these nanocomposite structures to 

achieve higher σ by de-doping PSS moleculars. Among them, the DMSO-treated 

Sb2Te3-MWCNTs-PVP-PEDOT:PSS nanocomposite has presented the highest PF with a value 

of ~41 µW/(m.K2). Furthermore, they have shown superior mechanical flexibility and 

robustness, even after 60 hours of continuous flexing cycles (i.e. 36,000 cycles in total), which 

demonstrated that the added ductile MWCNTs enabled greater mechanical flexibility. 

Consequently, these TE nanocomposites could be directly integrated into TEGs with minimal 

post-processing treatment. They were particularly robust and flexible with stable 

TE performance, which could be deployed as thermal energy harvesters for wearable devices, 

or in applications requiring ease of mounting or surface conformability of the energy harvester.  

In Chapter 6, the temperature-dependent TE properties of these AJ-printed 

PEDOT:PSS-based nanocomposites developed in Chapters 4 and 5 have been explored. In 

order to overcome the problem of the temperature-variation of PF, compositionally graded 
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thermoelectric composites (CG-TECs) have been demonstrated to optimise their overall PF 

values across the temperature gradient they operate in between. The composition of 

nanocomposite structures could be systematically tuned along the length of the TEG via the 

bespoke AJP method with controlled in situ mixing capability, thus enabling the realisation of 

such CG-TECs, without problems arising due to interfaces, as the organic matrix remained the 

same throughout. By selecting proper compositions based on temperature-dependent PF 

profiles, different dual-segment CG-TECs have been designed, and their power outputs have 

been found to be superior as compared to their uniform-composition counterparts operating 

under the same ΔT. This proves that the CG-TECs design provides a means by which vast 

improvement in TE performance and energy conversion efficiency of the whole TEG device 

could be realised, thus highlighting its potential and capability of harvesting energy from 

low-grade waste heat (<100 °C). This work is particularly timely and relevant, as current TEGs 

notoriously suffer from inefficiency, which has been specifically addressed here. Importantly, 

the author has demonstrated a novel way by which the composition of nanocomposites could 

be varied to better suit the operating temperature range while maintaining excellent mechanical 

flexibility for conformable applications. This finding therefore opens the door to a wide range 

of combinations comprising a variety of polymeric matrices and inorganic TE nano-insertions 

that could be tailored for the use across a specific temperature gradient, thus driving research 

and innovation in this key energy sector.  

In Chapter 7, to satisfy the growing need for alternative energy solutions to ‘small-power’ 

wearable electronic devices, the fabrication and integration strategies to free-standing and 

stretchable TEGs via the facile and versatile AJP technique have been proposed. Stretchable 

serpentine structures have been designed into either in-plane or out-of-plane design for 

harvesting heat from different directions. Single-layer and multi-layer free-standing structures 

have been achieved by AJ-printing and encasing the PEDOT:PSS and Ag within a PI 

supporting layer, with the aid of a sacrificial substrate. With the novel serpentine structure, the 

pristine PEDOT:PSS film that is intrinsically non-stretchable has shown an increased strain-

to-break value up to 200%, as well as exceptional mechanical stretchability. These 
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PEDOT:PSS-based stretchable TEGs have exhibited outstanding TE performance with Pmax of 

~0.78 nW and Voc of ~0.43 mV at ΔT of ~25 °C as well as no significant loss in their electric 

output when stretched at 50% strain over a prolonged period of time (continuous 

20,000 stretching cycles in 40 hours). The CG-TEC concept discussed in Chapter 6 has also 

been successfully integrated with the stretchable design for further TE performance 

improvement of these stretchable TEGs. Lastly, substrate-based stretchable TEGs that were 

fabricated by using PDMS or PU elastomers as stretchable substrates have been demonstrated. 

Nevertheless, they did not perform as well as the free-standing structures. This has confirmed 

the hollow and free-standing structure is beneficial to the TE performance and mechanical 

stretchability, which are crucial to conformable applications, e.g. wrapping around heat pipes 

or skin-based electronics. 

8.2 Future Work  

Based on the above results and discussions, the flexible and stretchable TEGs developed 

in this thesis are still facing some challenges, in particular the low PF values obtained in 

AJ-printed TE nanocomposites and low power outputs in their resulting TEGs. From a material 

science perspective, there are several avenues, including material selection, characterisation 

and measurement techniques, as well as device fabrication, to address these issues, thereby 

improving their TE performance. Accordingly, some future works are provided as follows.  

8.2.1 Materials Selection 

(i) From the road map of current inorganic TE materials listed in Section 2.4, there exist 

some high-ZT TE inorganic materials that would be promising candidates for application in 

TEGs at or near room temperature. For example, n-type silver chalcogenides (Ag2S) possessed 

ZT values of 0.44 at 300 K and 0.63 at 450 K.[262] They also exhibited extraordinary metal-like 

ductility with high plastic deformation strains at room temperature, which is beneficial to 

flexible or even stretchable TEG applications.[263] Regarding other low-cost and high-ZT 

TE inorganic materials, p-type SnSe is an applicable candidate. SnSe has a very high ZT of 
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2.62 at 923 K in its single-crystal form,[84] and it can be synthesised into various 

nanostructured forms via some surfactant-free solution-based synthesis methods,[123] with 

preliminary results shown in Appendix A.2. As a result, these high-performance TE materials 

can be explored in the printed TEG fabrication via the AJP method.  

(ii) n-type TE materials are indispensable to form n-p junctions for the achievement of 

highly efficient TEGs. Nevertheless, as discussed in Section 2.4, the fabrication of n-type 

organic materials or composites via facile and scalable methods is rarely reported. Therefore, 

further efforts are urgently needed to develop high-performance and stable n-type TE polymers. 

Some conjugated polymers or coordination polymers, as mentioned in Section 2.4.2, can be 

potential candidates for the fabrication of high-performance n-type TE nanocomposite. Other 

cheaper insulating polymers, such as polyvinylpyrrolidone (PVP) or polyvinylidene fluoride 

(PVDF), can be fabricated into n-type TE nanocomposites by integrating with some n-type TE 

inorganic materials. At the same time, carbon-based nanomaterials, such as graphene, single-

wall or double-wall CNTs, can be added to further increase the electrical conductivity of these 

nanocomposite structures. 

(iii)  For the improvement of stretchable TEGs developed in Chapter 7, high-performance 

PEDOT:PSS-based nanocomposites developed in Chapters 4 and 5 can be deployed to replace 

the pristine PEDOT:PSS. Furthermore, since the inorganic TE materials can be fully encased 

within the PI polymer to form a stretchable structure via the AJP technique, these encapsulated 

inorganic TE materials can be sintered at a high temperature without being oxidised (up to the 

melting point of PI ~450 °C) to obtain a dense microstructure. By this means, higher 

TE performance can be achieved without using the conducting polymer as a matrix. At the 

same time, these stretchable serpentine structures can also add extra stretchability to the rigid 

inorganic TE materials, which can further expand their applications. 
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8.2.2 Characterisation and Measurement Techniques 

(i) The out-of-plane Seebeck coefficient and electrical conductivity measurements 

(see Appendix A.4) on AJ-printed thin-film structures are desired to compare with their 

in-plane results. This measurement setup can also be modified for the TE property 

measurement of those out-of-plane stretchable TEGs developed in Chapter 7. In addition, 

further investigation of the thermal conductivity measurement of these AJ-printed thin-film 

structures is required, as discussed in Appendix 1. Efforts are currently underway in this project. 

(ii) To evaluate the TE properties of these AJ-printed nanocomposite structures at a more 

fundamental level, the Hall-effect measurement method (see Appendix A.5) should be used to 

understand their charge transport properties. Scanning thermal microscopy should also be 

utilised for mapping their thermal conductivity and Seebeck coefficient values at the nanoscale. 

Moreover, a thermal infrared camera with higher imaging resolution and faster data recording 

speed should be employed to map the temperature distribution of the tested sample more 

accurately, thereby measuring more accurate TE properties.  

(iii) As demonstrated in Chapter 7, only an in-plane horizontal elongation test on these 

free-standing stretchable TEGs has been conducted. However, for wearable applications in real 

life, mechanical forces can be imposed in various directions, not just limiting to the 2D 

direction. In this context, an out-of-plane vertical compression test is desired to further evaluate 

their mechanical stretchability. This compression test can be implemented by sandwiching the 

stretchable TEG between two rigid plates and displacing the top or bottom plate with the 

control of a piezoelectric stage or other motion controllers. The out-of-plane measurement 

setup described in Appendix A.4 can be modified to achieve this goal.  
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8.2.3 Device Fabrication  

(i) Our AJP technique and in-house developed in situ mixing method can be applied to 

other functional organic and inorganic material systems, in particular on the development of 

n-type materials, where the formed n-p junction can substantially improve the power output. 

Furthermore, the multilayered structure can be exploited, as it can increase the power output 

and enhance the mechanical stretchability of the TEG by increasing the number of layers. 

(ii) Our high-resolution AJP technique can promote broader applications of these flexible 

and stretchable nanocomposite structures at the microscale. For instance, these microscale 

nanocomposite structures can be designed into a self-powered strain sensor and temperature 

sensor for integration into wearable electronics. It would also be interesting to demonstrate a 

3D structure by using the AJP technique. For example, PEDOT:PSS hydrogel with higher 

viscosity can be potentially AJ-printed into a 3D structure to form 3D TE legs, which can be 

encased within an elastomer for stretchable TEG or sensor applications. By virtue of their good 

biocompatibility, they can also be incorporated into future bioelectronic devices. 

(iii)  Because of the versatility of the AJP technique, a wide range of ink materials can be 

compatible with printing microscale device structures. In this context, energy storage devices, 

such as supercapacitors and batteries, can be fabricated and integrated with these flexible and 

stretchable energy harvesters into the all-in-one energy device. Moreover, the in situ mixing 

method can ensure excellent dispersion and uniform distribution of nano-fillers that can 

facilitate the performance of formed nanocomposite structures in the energy storage devices.  



 

 

 

 

Appendix  

A.1  Thermal Conductivity Measurement  

Here, some preliminary results on the thermal conductivity measurement of the AJ-printed 

thin-film structures by using the transmission line model are presented. This work was 

conducted in collaboration with Dr Sanjiv Sambandan, where Dr Sambandan built the 

theoretical model, and the author performed the experimental work.   

A.1.1  Introduction 

The thermal conductivity, κ, takes into consideration the combined contribution of both 

electrons and phonons, as discussed in Section 2.3.2. In bulk metals, both κ and σ are 

determined by the scattering of electrons in the lattice, and are hence related by the 

Wiedemann-Franz law as κ = σ L0 T, with L0 being the Lorenz number. Since ZT ∼ α2 L0 T
2, 

with α representing the Seebeck coefficient here, bulk metals rely mostly on the improvement 

in α to improve ZT. However, if the phonon contribution of the thermal conduction becomes 

significant, the scaling relation between κ and σ can deviate from L0 T. This would also be the 

case, if charge transport is confined to one-dimension. Both these possibilities are achieved in 

organic polymers. In the case of organic TE materials, it becomes necessary to determine all 

three parameters, α, σ, and κ in order to make an informed decision on the suitability of the 

material for TEGs. However, the determination of these parameters in organic polymers can be 

quite challenging, especially the measurement of κ. With regards to the measurement of 

in-plane thermal conductivity in thin films, the techniques used can be broadly classified into 

two methods. (1) Steady-state methods, which are based on forcing a constant heat flow 

through the film and measuring the steady-state temperature difference, dT, between two points 
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separated a distance, dl, along the length of the film. Usually, heat is generated by driving a 

constant current I through a heating coil of resistance, R, so that the rate of heat generation is 

I2R. Then, κ ∼ I2 R (dl / a) dT, with a being the area of cross-section of the film. However, 

parasitic heat losses and the large time constants involved in achieving steady state do not yield 

accurate results. (2) Transient methods, which use a time-varying current, I (t), to heat the coil 

for extracting κ. One technique involves the application of a periodic current waveform 

comprising of rectangular pulses. The time-varying temperature difference, dT (t), between two 

points separated a distance, dl, now responds to the time-varying heat pulses. The time constant 

of the time variation in dT (t) contains the information on κ. Another popular transient method 

to measure the in-plane κ is the 3-ω method. In this technique, the current through the coil is 

varied sinusoidally, I(t) ∝ cos(ωt). This results in the heat generation rate varying as cos(2ωt) 

along with a DC component. This, in turn, results in temperature also varying as cos(2ωt) along 

with a DC component. The magnitude of temperature variation depends upon the thermal 

conductivity of the film that draws the heat away from the coil. The change in temperature 

causes the resistance of the coil to fluctuate in a similar manner as the temperature. Therefore, 

the voltage measured across the coil has the components of ω and 3ω. Thus, for a driving 

current at ω, the voltage at 3ω is directly dependent on the temperature variations observed at 

2ω. Therefore, the measurement of the 3ω component of the voltage is an indirect measurement 

on κ. Any of these above-discussed approaches could be used to determine α, σ and κ in printed 

films used for TEG applications. However, printed polymer-based TEGs are intended to be 

used in a very dynamic environment subject to mechanical forces due to bending and/or 

stretching, electrostatic discharge events owing to the contact with the body, extreme chemical 

environments due to washing or drying of wearables, and so forth. Considering these factors, 

it is very likely that the ZT of polymer is a dynamic parameter itself, making the performance 

of the TEG a time-dependent parameter, thereby impacting any circuits or systems driven by 

the TEG. Hence, it becomes essential to enable the online monitoring of the TEG, where α, σ 

and κ of the polymer film is periodically extracted by online measurements on the system. 
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A.1.2  Transmission Line Model 

In this work, one possible setup of this kind of a system that enables the real-time extraction 

of ZT is discussed. The real-time measurement of σ in various materials is a well-studied 

problem, and therefore the real-time measurements of α and κ alone are focused here. Both 

these parameters are measured with transient techniques wherein the temperature of one end 

of the TE element is pulsed. A major advantage of using thermoelectrics is that all 

measurements are possible in the electrical domain without the need for other sensors. Since a 

temperature difference results in a potential difference in a TE material, the extraction of κ is 

possible by the analysis of the time constants of the dynamic of the Seebeck voltage, whereas 

the measurement of α is possible by the measurement of the magnitude of the Seebeck voltage. 

The author makes use of this advantage and designs a system and methodology around this 

concept. The accuracy of parameter extraction is improved by designing the signal processing 

and electronics based on the model of the polymer film viewed as a transmission line. Ignoring 

parasitics, the in-plane heat transferred by conduction in the polymer film can be defined by 

the Fourier equation: 

 

(A-1) 

 

where ρ is the mass density, and s is the specific heat capacity of the polymer film.  

Drawing analogies to an electrical circuit, the thermal circuit of the polymer film can be 

represented by an equivalent electrical circuit of a distributed resistor-capacitor transmission 

line, as shown in Figure A.1.  

∂T κ ∂2T 

∂t  
= 

ρs ∂x2 
(1)

 



234                                                                                Appendix 

 

 

Figure A.1 Schematic drawing of the distributed resistor-capacitor transmission line. 

The temperature is analogous to the voltage, while the heat flux is analogous to the charge 

resulting in a rate of change of heat flux being the current. For a polymer film of uniform 

cross-section area, a, the thermal resistance and thermal capacitance of the segment of length, 

dx, can be defined by the thermal resistance per unit length, r, and thermal capacitance per unit 

length, c, to be given by 

 

(A-2) 

 

Thus, Equation A-1 becomes dT /dt = (1 / r c) d2T /dx2. It must be noted that the substrate 

affects r and c. Moreover, if the ends of the polymer film are at widely different temperatures, 

there is a gradual variation in r and c from one end to the other. 

The temperature at the hot end of the film, Tin(t), is controlled by the control of input 

current to the coil, the local thermal mass of the source and the heat dissipated in the polymer 

film and other pathways. Therefore, the region from the heater coil to the polymer film can 

itself be modelled as a transmission line. If the effective thermal impedance of this transmission 

line is much smaller than the thermal impedance of the polymer substrate (κline << κsubstrate), the 

temperature Tin(t) can be said to increase or decrease instantly and can be modelled as a step 

input with Tin(t) = Tin0 u(t) with u(t) being the unit step function and Tin0. Given this input in 

temperature, Tin(t), the thin polymer film now begins to conduct heat to a thermal mass that is 

r =(κa)−1 (2) 

c =ρsa 



Appendix                                                                                235 

 

0 

allowed to float. At any time, t, the temperature, Tout (x, t), at a point located along the length 

of the film and at a distance, x, from the heat source can be shown to be described by the 

complementary error function. However, if the effective thermal impedance of path between 

the heating coil and the polymer film is not insignificant, the temperature transients at the 

source of the polymer film can be expected to have the nature of the complementary error 

function itself. However, if the thermal impedance of the pathway from the coil to the polymer 

film is minimised and made much smaller compared to the thermal impedance of the polymer 

film, Tin(t) can be modelled as a ramp that quickly achieves its steady-state value, Tin0 at time 

t = t0 with the ramp rate being Tin0/t0. This temperature profile can be defined as the 

superposition of two semi-infinite ramp inputs Tin(t) = (Tin0/t0)tu(t) − (Tin0/t0)(t − t0)u(t − t0) and 

Tout(x, t) responding to these ramp inputs. Assuming that the values of r and c do not change 

along the length of the film despite the difference in temperature, it can be shown that 

 

(A-3) 

 

with p(x,t) = (rc/t)1/2x/2 and g(x, t) = (t/t0 )((1+2p(x, t)2)erfc(p(x, t))−(2/π)1/2p(x, t)e−p(x,t)2/2)u(t). 

In both cases, the information about κ is contained in the term p(x, t) and more specifically 

in r. Since the polymer film is also a TE material, the temperature difference between two 

points also translates to a voltage difference between two points. If the hot end of the polymer 

film having temperature Tin(t) is considered to be electrical ground for voltage measurements, 

the voltage, Vout(x, t) = α(Tout(x, t) − Tin(t)) and 

 

(A-4) 

 

with h(x, t) = (t/t0)(−2p(x, t)2 + (1 + 2p(x, t)2)erf(p) + (2/π)1/2p(x, t)e−p(x,t)2/2)u(t). 

This voltage signal can now be processed to compute p. It is possible to do this for both 
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cases by storing and sending data to an external computer, it is desirable to construct a simple 

analog computer on the substrate to enable real-time measurement of κ and α to enable 

real-time performance prediction of TEGs used on wearable devices. 

To demonstrate the case, the author engineers the system so that compared to the time 

constants associated with the thermal circuit of the polymer film, Tin(t) appears as a step input 

for all practical purposes. Even if Tin(t) follows a ramp response, the ramp response can be 

viewed as a step input in the limit t0 → 0, or in a more practical sense if t0 is much smaller than 

the time taken to reach steady state. Furthermore, for practical purposes, it is convenient to 

approximate the error function in more simple terms that maintain reasonable accuracy in the 

domain of interest. The first three terms of the Taylor approximation of the error function is 

erf(y) = 2y/π1/2 − 2y3/3π1/2 + y5/5π1/2 − … On the other hand, a reasonably close approximation 

to erf(y) is seen in (2/π1/2)tanh(y) = 2y/π1/2 − 2y3/3π1/2 + 4y5/15π1/2 − … Therefore, with the aim 

of developing an analog electronic computing system, erf(p(x, t)) ≈ 2/π1/2tanh(p(x, t)) is 

approximated. Therefore, for the case of Tin being a step input 

 

(A-5) 

A.1.3  Extractions of α and κ 

If the voltage is measured at the instant close to t = 0, (or immediately after t = t0 in the 

case of a ramp-like input), Vout(x, t) ≈ −(2/π1/2)αTin0. This therefore becomes a direct measure 

of α. Since the measurement is being made at very small t, it may be difficult to make the 

assumption of a step input (since t can be < t0). However, even if the input is ramp-like, Vout(x, 

t) ≈ −(2/π1/2)αTin0t/t0, and the time derivative obtained at close to t = 0 is a direct measure of α. 

From the above measurements, the quantity −(2/π1/2)αTin0 can be expected to be known for 

all practical purposes. In order to obtain information on κ, the parameter p(x, t) must be 

measured. It is noted that 
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(A-6) 

 

Once the location of measurement x and time of measurement t for Vout(x, t) is known, the 

product rc = κ/ρs becomes defined as 

 

(A-7) 

 

In order to extract κ specifically, the thermal capacitance defined by ρs needs to be 

identified. However, a measure of the relative variation in κ is provided by the extraction of the 

term κ/ρs. 

 

A.1.4  Device Fabrication and Measurement  

As can be seen in Figure A.2 (a), two PEDOT:PSS films with a length of 5 mm and 10 mm, 

respectively, were printed on a PI sheet via the AJP method for the measurement of their α and 

κ. Prior to the printing of PEDOT:PSS film, two Ag thermometers were firstly AJ-printed with 

a design pattern illustrated in Figure A.2 (b), due to their higher curing temperature (minimum 

150-200 oC to obtain acceptable electrical conduction). Furthermore, as plotted in Figures A.2 

(c) and (d), these AJ-printed Ag thermometers were calibrated by a commercial Pt-100 

thermometer before being used for the subsequent α and κ measurements. Since these Ag 

thermometers were printed adjacent to the PEDOT:PSS film, they could give a faster response 

and more accurate measurement of the localised temperature compared to that measured by a 

Pt-100 thermometer which was physically taped onto the substrate. Since all these components 

were fully printed, the PEDOT:PSS could be easily replaced by other TE materials here, which 

could largely expand the application of this ‘on-chip’ measurement technique.   
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Figure A.2 (a) AutoCAD-design patterns and photographs of Ag thermometers, Ag electrodes, 

and PEDOT:PSS films (left: 5 mm in length, right: 10 mm in length), which were fully printed 

on a PI sheet via the AJP method. (b) Enlarged AutoCAD-design pattern of the Ag thermometer. 

(c) Measurement and (d) calibration of the AJ-printed Ag thermometer by using a commercial 

Pt-100 thermometer. (e) Schematic illustration of the Seebeck coefficient and thermal 

conductivity measurement setup. 
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As illustrated in Figure A.2 (e), AJ-printed samples with various dimensions were placed 

on a heat source. Subsequently, the localised temperature of different positions and the voltage 

output were recorded simultaneously for the extraction of α and κ. The input temperature (Tin), 

output temperature (Tout), and voltage output (Vout) values at the function of time were plotted 

in Figures A.3 (a) - (c), respectively. With this transmission line model method, both α and κ 

values could be measured simultaneously, by employing the same transient recording. The α 

value of this AJ-printed PEDOT:PSS film was calculated to be ~19.99 μV/K, as extracted in 

Figure A.3 (d). The κ value was estimated to be 0.2 to 0.4 W/(m.K), by using the lumped model 

which was elaborated in Section A.1.5. This estimated κ value was acceptable compared to that 

reported in the literature, ~0.3 W/(m.K).[93] However, more experimental works are required 

to verify the accuracy of this transmission line model. Another limitation of this model is that 

the mass density and specific heat capacity of the sample are needed to be known before 

estimation, which adds another new measurement difficulty for the thin-film sample.        

 

Figure A.3 Plotting of (a) input temperature, Tin, (b) output temperature, Tout, (c) voltage output, 

Vout, and (d) extracted Seebeck coefficient, α, in response to the step heating on the 5 mm-length 

PEDOT:PSS film.  
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A.1.5  Matlab Code for Extractions of α and κ 

This section presents the Matlab code (MathWorks) used for the extraction of α and κ by using 

the transmission line model. The code was mostly written by Dr Sanjiv Sambandan, with some 

input from the author. 

clear all; 

%--------------------------------------------------------------------------

------------- 

%%1. LUMPED MODEL - BY EXTRACTION (WORKS WELL, USE THIS, WILL GIVE YOU 

RELIABLE MEANS TO COMPARE MATERIALS) 

  

a=xlsread('ThermData2.xls'); 

%Use SI units everywhere and Use Celsius everywhere 

L=5e-3; %length of your sample in m 

x=L/2;  %the location where you are tapping the voltage, i.e. distance of 

this location from the heat source 

  

datalength=100; %Only using the first 100 data points to extract data 

  

%READ ALL DATA 

datalength=size(a(:,1)); 

for i=1:1:datalength 

    t(i)=a(i,5);    %t is the offset time in column 5 

    Tin(i)=a(i,8);  %Tin is the offset Tleft in column 8 

    Tout(i)=a(i,6); %Tout is the offset Tmid in column 6 

    Vout(i)=a(i,7); %Vout is the offset  V in column 7 

end 

  

%1. At Steady State (where t=infinite, with ambient loss) 

Tin0=28;                 %Input steady-state temperature in Celsius 

Tout0=8;               %Steady State output temperature in Celsius 

beta=Tout0/(Tin0-Tout0); %Defined from the steady-state 

  

%2. At Transient State (where t before reaching stabilised temperature) 

for i=1:1:datalength 

    s(i)=log(1-(Tout(i)*(beta+1)/(beta*Tin0))); %Plot s versus time t for 

finding slope 

end 

%plot(t,s,'bo'); %Use this to find the slope 

slope=0.2;       %Linear fitting from the above plot 
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for i=1:1:datalength 

    Toutmodel_lump(i)=(beta/(beta+1))*Tin0*(1-exp(-t(i)*slope)); 

end 

plot(t,Tout,'bo',t,Toutmodel_lump,'r'); %Use this to check model 

RCmodellump=(beta+1)/(beta*slope);      %This is the RC of the material, 

this is resistance and capacitance, not per unit length 

rclump=RCmodellump/(x^2);               %This it the (R per unit length)*(C 

per unit length) <<<<THIS IS THE ANSWER YOU NEED 

  

%3. Thermal Conductivity Calculation 

rho=1011;        %rho is the mass density in Kg.m^-3 

Cp=1300;         %Cp is the specific heat capacity in J.K^-1.Kg^-1) 

k =rho*Cp/rclump; %k is the thermal conductivity in W.m^-1.K^-, the value 

should range from 0.2 to 0.4 for PEDOT:PSS 

  

%4. Seebeck Coefficient Calculation 

%Vmax=2.42E-04;   %Maximum voltage in the plot 

%alpha=Vmax/Tin0; %Seebeck coefficient calculation  
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A.2  Solvothermal-synthesised SnSe Nanosheets 

Tin selenide (SnSe) nanosheets with the layered structure were synthesised by a facile and 

surfactant-free solvothermal synthesis method, which was similar to the method discussed in 

Section 3.1.2, except using SnCl2 and Se as material sources here for ‘Sn’ and ‘Se’, respectively. 

The SEM and XRD results in Figures A.4 and A.5 show that these synthesised SnSe nanosheets 

exhibited fairly good crystallinity quality. Deficiency in ‘Sn’ or exceeding in ‘Se’ was seen, 

because few of ‘Se’ element remained in the form of Se nanoparticle, which needed more 

reaction time to form a stoichiometric chemical composition at a ratio of 1:1. 

 

Figure A.4 (a) SEM images, (b) EDX analysis, and (c) EDX mapping of solvothermal-

synthesised SnSe nanosheets.  
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Figure A.5 (a) XRD results and (b) TEM analysis of solvothermal-synthesised SnSe 

nanosheets, where (c) the enlarge HRTEM image reveals their lattice fringe patterns.   

A.3  Differential Scanning Calorimetry (DSC) Thermal Analysis 

A differential scanning calorimeter (DSC, Q2000, TA Instruments) was used to measure 

the oxidation temperature and melting temperature of these fabricated inorganic TE particles. 

The powder samples were loaded into an aluminium pan (T-Zero pan, TA Instruments), and 

their mass was weighed by using a precision balance (Ultramicro, Sartorius). The DSC 

measurements were undertaken from 20 to 600 oC under a linear temperature ramp of 

10 oC/min. The DSC analysis in Figure A.6 indicates the oxidation temperature and the melting 

temperature of Bi2Te3 and Sb2Te3 powders fabricated via different approaches. A first 

down-point exothermic peak was observed, possibly suggesting the partial oxidation of Bi2Te3 

or Sb2Te3 alloys because of some residual air trapped inside the aluminium pan.[264] Since the 

solvothermal-synthesised particles were in the nanostructured form, leading to more surface 

area exposed to the oxygen, which led to a more prominent oxidation process. As a result, their 

oxidation peaks were more distinct compared to that of their hand-ground counterparts. Then, 

a sharper and more intense up-point endothermic peak existed upon heating beyond its 

oxidation temperature, which was attributed to the melting and/or decomposition of Bi2Te3 or 

Sb2Te3. It was found that both the hand-ground and solvothermal-synthesised Bi2Te3 and 

Sb2Te3 particles shared almost the same melting temperature ~580 oC and ~420 oC, respectively. 

Their oxidation and melting temperatures are summarised in Table A-1 in comparison with 

other organic polymers that are applicable for the nanocomposite fabrication in this project.  
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Figure A.6 DSC analysis of (a) hand-ground Bi2Te3 powder, (b) hand-ground Sb2Te3 powder, 

(c) solvothermal-synthesised Bi2Te3 nanoparticles, and (d) solvothermal-synthesised Sb2Te3 

nanoflakes, indicating their oxidation temperature and melting temperature, respectively. 

 

 

Table A-1 Comparison of the oxidation and melting temperature of different 

materials.[135,265] 

Temperature 

/Material 

Commercial 

Bi2Te3 

Commercial 

Sb2Te3 

Synthesised 

Bi2Te3 

Synthesised 

Sb2Te3 
PEDOT:PSS PVDF 

Oxidation 

Temp. (oC) 
N/A ~250 ~220 ~180 N/A N/A 

Melting 

Temp. (oC) 
~580 ~420 ~580 ~420 ~145 ~177 
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A.4  Out-of-plane Measurement Setup 

Figure A.7 illustrates the test bench for measuring the out-of-plane Seebeck coefficient and 

electrical conductivity, where the INSTEC mK1000 series precise temperature controllers 

coupled with two copper plates were used as a heater and/or cooler that could provide a 

temperature control accuracy down to 1 mK. A graphite sheet was used as the thermal contact 

material. Thermal interface materials, such as thermal paste, were also employed to spread heat 

identically. Since the measurements should be done at different ambient temperatures to 

investigate the operating temperature range of TEGs, the whole test bench was inserted into a 

vacuum chamber, and the ambient temperature could be controlled from 77 to 290 K via a 

liquid nitrogen cooling system (INSTEC) or a water-cooling refrigerator (Thermo Haake 

Chiller). An electrical measurement system consisted of a programmable DC electronic load 

(BK PRECISION 8500) and a digital multimeter (BK PRECISION 2831E), was served for 

measuring the voltage difference generated from the TE sample. A data translation instrument 

(MEASURpoint DT 9874) was employed as a mixed temperature and voltage measurement 

instrument that could collect and transfer data to the LabVIEW program for the data acquisition 

through a computer. This setup could be used for the TE measurement on the 3D-structured 

stretchable TEGs, where the heat flow direction is out-of-plane, as discussed in Chapter 7.  

 

Figure A.7 Schematic drawing of the test bench for out-of-plane Seebeck coefficient and 

electrical conductivity measurements.   
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A.5  Hall-effect Measurement 

The electrical conductivity of these printed films can be measured by the Hall-effect 

measurement method, as it can determine the resistivity, charge carrier type, carrier 

concentration, and carrier mobility of semiconductors.[92] This method can be used to compare 

and calibrated the results measured from the in-house designed TE measurement setup. As 

illustrated in Figure A.8 (a), a 5 mm x 5 mm square dense TE thin film was AJ-printed on a PI 

substrate, and Ag electrodes were also AJ-printed at four corners that could be used as electrical 

contacts for the subsequent wire bonding. It should be noted that the printed thin film is 

required to be flat and homogeneous with uniform thickness as well as without any voids or 

holes, to ensure the accuracy of measurement results. Figure A.8 (b) demonstrates the 

measurement configuration for the Van der Pauw’s method by using the in-house built Cryogen 

Free Magnet 1-Tesla Measurement System. A magnetic field was applied perpendicular to the 

surface of the sample and a current flow was applied along two corners of the thin film while 

measuring the voltage created across the other two corners. Then, the electrical conductivity 

can be calculated from Maxwell’s equation J = σ . E, where J is current density [A/m2], σ is 

electrical conductivity [S/m], and E is electric field [V/m].[266]   

 

Figure A.8 Schematic illustrations of (a) the sample preparation and (b) the measurement 

configuration for the Hall-effect measurement by the van der Pauw’s method. 
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A.6  Hand-ground Sb2Te3 + PEDOT:PSS Nanocomposites 

 

Figure A.9 SEM images showing the morphology of the 10-layer AJ-printed PEDOT:PSS-

based nanocomposite loaded with 10 wt.% (nominal) hand-ground Sb2Te3 powder. 

A.7  solvothermal-synthesised Sb2Te3 + PVDF Nanocomposites 

 

Figure A.10 SEM images of (a) 1-layer, (b) 5-layer, and (c) 10-layer AJ-printed PVDF-based 

nanocomposites loaded with 10 wt.% (nominal) solvothermal-synthesised Sb2Te3 nanoflakes. 
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Figure A.11 Profilometer thickness measurements of (a) 1-layer, (b) 5-layer, and (c) 10-layer 

AJ-printed PVDF-based nanocomposites loaded with 10 wt.% (nominal) Sb2Te3 nanoflakes. 

A.8 Influence of TE Leg Dimension on Voltage and Power Outputs 

 

Figure A.12 Photographic images of different AJ-printed PEDOT:PSS films as a function of 

(a) width and (b) thickness. 

Table A-2 Comparison of voltage and power outputs as a function of the TE leg dimension.  

PEDOT:PSS film Voc (mV) Isc (μA) RS (Ω) Pmax (nW) 

Width-dependent 

Thickness (5 layers) 

Length (10 mm) 

Width (0.1 mm) 0.21 0.4 435 0.025 

Width (0.5 mm) 0.28 0.6 198 0.099 

Width (1 mm) 0.29 1.0 115 0.183 

Width (5 mm) 0.26 2.2 15 1.13 

Thickness-dependent 

Width (0.5 mm) 

Length (10 mm) 

Thickness (1 layer) 0.23 0.1 1340 0.01 

Thickness (5 layer) 0.29 0.8 180 0.12 

Thickness (10 layer) 0.31 1.8 75 0.32 
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A.9  Substrate-based Stretchable Structure 

 

 

Figure A.13 Photographic image of the PDMS substrate-based stretchable TEG with the 

strip-shaped structure. 
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