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   Scientific excellence 
Solid-state thermoelectric generators (TEG), which convert heat to electricity directly, are considered 
pioneer candidates for industrial waste heat recovery. However, existing thermoelectric (TE) materials 
have relatively low conversion efficiency. This project is the first attempt of this kind to improve the 
efficiency of bismuth telluride (Bi2Te3)-based TE materials, by modifying the chemistry of phases to 
engineer the electronic transport properties. 

Aim/hypothesis 
The aim of this project is to develop high performance Bi2Te3-based TE materials. Major developments 
on Bi2Te3 have been based on single-phase alloys, whereas our recent studies have shown higher 
efficiencies in multiphase TE compounds compared to the single-phase materials. However, 
quantitative information on the influence of heterogeneity (multiphase) on transport properties is still 
lacking. The principal goals of the current proposal can be split into designing high performance TE 
materials and incorporating them into devices. 

Methodology 
Materials fabrication: Samples will be fabricated to ingot by metallurgical procedures that are 
advantageous to those prepared by other techniques: It can be economically scaled up for industrial 
applications; Various nanostructures can be selectively designed through nucleation/growth or 
transformation.  

Structural, analytical and physical characterisation: The crystal structures of materials will be studied by 
X-Ray Diffraction and Differential Scanning Calorimetry. Electron Microscopy (SEM/EDS, S/TEM/EELS) 
and Atom-Probe Techniques will provide chemical and microstructural information at nano/atomic scale 
to determine the influence of chemical heterogeneity on the resulting TE properties. The transport 
properties: Seebeck coefficient, resistivity, thermal conductivity and Hall coefficient will be measured 
with Ulvac–ZEM3, laser flash diffusivity and Ecopia-3000 respectively.   

Fabrication of modules toward practical devices: The developed novel materials will be incorporated 
into prototype TEGs to test and evaluate efficiency, durability, etc. 

Innovations 
Designing and synthesis of novel high performance TE materials. 

Adopting novel characterisation techniques using atomic scale imaging and spectroscopy. 

Developing fundamental understanding of chemical heterogeneity on transport properties of 
multiphase TE materials. 
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Strategic relevance 
The Bi2Te3 thermoelectric materials in the TEG market accounted for the largest share of ~ US$349M in 
2017 and are projected to lead during the forecast period to 2023. This project provides international 
exchanges, knowledge transfer and directly addresses all four of SHU’s Transforming Lives strategy 
pillars, generating world-leading science that provides innovative solutions to real-world problems.  

Interdisciplinarity and relevance 
The researcher will benefit from working closely with an interdisciplinary team of supervisors (Materials 
science/TEGs (Sima), Electronic devices (Dharme), Multiphase heat transfer (Abhishek)), students and 
PDRA’s in MERI and at the university and industry partners. This project will strengthen existing 
collaborations to accelerate the work and maximize research outcomes. It will also develop fundamental 
understanding of composition/structure/property/phase relationships on electronic transport 
properties and provide a platform for high quality training of researchers in understanding 
challenges/breakthroughs in energy efficiency and harvesting. 

Lay summary (max 200 words) to be used for reference as part of the selection process 
where non-specialists are involved 
A large amount of the world’s energy consumption is wasted as heat (accounts for > 50% of the world 
energy use), which raises environmental concerns as well as incurring significant costs. The development 
of efficient thermoelectric materials is expected to provide a breakthrough in the widespread 
application of thermoelectric generators to recover some of this waste heat. 

When two suitably different electrically conducting materials are connected together, while bridging a 
temperature gradient, they produce electrical current (electricity). This is known as the Seebeck effect. 
The different conductors must comprise a negatively (n-type) and a positively (p-type) charged material. 
A TEG is a solid state device designed to exploit the Seebeck effect for the purpose of generating 
electricity, typically formed by a series of the n- and p-type materials sandwiched between highly 
efficient thermal conductors. However, existing thermoelectric materials have relatively low conversion 
efficiency (~10%). This project proposes an innovative strategy to enhance the conversion efficiency of 
thermoelectric materials based on engineering the composition and microstructure. The expected 
outcomes of this project would introduce a new generation of thermoelectric materials to place the UK 
at the forefront of research in the internationally focused fields of thermoelectric materials. 

Industrial/Employer placement opportunity please include details, where known, of any 
external placement opportunities or collaborations available to the student as part of the 
project 
The DOS has existing collaboration with European Thermodynamics Ltd. to incorporate developed 
materials in a thermoelectric module and test for performance. Although the exact design according to 
the final application of the thermoelectric modules will emerge as the project progresses, we plan to 
integrate the developed materials in existing designs, to determine their impact on the efficiency of the 
device, compared to existing products. 
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The company has offered to provide simulation results and guidance on the impact of the outputs from 
the materials developed by experiments and will investigate the performance by building a small 
demonstrator prototype. The researcher will collaborate closely with the industry partner R&D team to 
endeavour the goals set within the project.  

International placement opportunity please include details, where known, of any potential 
international placement opportunities or collaborations available to the student as part of 
the project 
The DOS has already established professional collaborations with many experts in the field of 
thermoelectric materials and devices in Australia, USA, Netherland, Japan and China. This high level 
international expertise and access to their facilities are invaluable in assisting the successful completion 
of the proposed PhD project. 

Australia: University of Sydney (Prof. Julie Cairney): She is a world‐renowned expert in atom probe 
tomography (APT). We will continue collaboration with her to study thermoelectric materials by APT. 

University of Wollongong (Dr. David Mitchell): He is an expert in the application of advanced high-
resolution TEM/STEM techniques. We will collaborate closely with him to perform the required 
advanced microscopy analyses for this project.  

USA: Northwestern University (Prof. Jeffrey Snyder): He is a world leader in thermoelectric materials 
development and renowned for his pioneering research in understanding the physics of 
thermoelectricity. The DOS has had close collaboration with him since 2012. His in‐house built high 
temperature Hall effect system will be available to this project.  

Japan: MANA, National Institute for Materials Science (NIMS) (Prof. Takao Mori): He is a world leader in 
thermoelectric materials development. His Lab is equipped with thermoelectric and magnetic 
characterization facilities as well as recently home-made developed in-situ electronic transport 
properties measurement equipment in TEM. The facilities and expertise of Prof. Mori will be available 
to this project. 

The international and industrial placement can be easily arranged as required through the well-
established collaborations. 

Scientific, economic and societal impact of the project 
Scientific Impact: The proposed project will advance fundamental knowledge of functional materials and 
address technological challenges. Therefore, the scientific outcomes are expected to be published in 
prestigious journals such as Advanced Materials, Energy and Environmental Science, Advanced Energy 
Materials, Chemistry of Materials and Journal of Materials Chemistry. The research outcomes will also 
be presented at strategic national and international conferences. All publications will be provided to 
the SHU online repository to comply with the Open Access Policy with respect to UK publicly funded 
research. The proposal outcomes will also enable UK researchers to compete internationally in the 
highly challenging field of energy harvesting and energy savings.  
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Economic impact: The new strategy introduced in this proposal will produce high efficiency 
thermoelectric materials and advance manufacturing of thermoelectric generators for large-scale 
industries, which produce significant amounts of waste heat (> 50% of the consumed energy), such as 
metal processing, fossil and geothermal power generation plants.  

The TEG market is projected to reach US$ 715.8 million by 2022, at a compound annual growth rate 
(CAGR) of 14.20% from 2017 (Thermoelectric Generators Market – Forecast to 2023, Markets & Markets). 
In terms of thermoelectric materials, bismuth telluride (Bi2Te3) is the subject of current proposal, which 
accounts for the largest market size of approximately US$ 349 million in 2017 and is projected to 
continue to lead during the forecast period to 2023 (Markets & Markets). 

The outcomes of this project will enable the technology of self-powered wearable thermoelectric 
module manufacturing, which is an emerging field with new exciting applications including self-powered 
wearable electronics, health and performance monitoring devices, sensors and communications 
equipment. Although the market of these electronics is currently the smallest share, it is projected to 
grow strongly, with a CAGR of 15.5% to 2023 (Markets & Markets). Thus, this research provides an 
opportunity for UK companies to invest in new products in a value-add industry.  

Since the materials developed will have direct application to heat recovery technology, the prospect of 
producing a commercial product from the IP generated by this work is very real. It will strengthen the 
research and patenting position of the team. 

Social impact: This project promises the development of maintenance-free highly efficient waste heat 
recovery into electrical energy, which improves energy efficiency and reduces the carbon emission 
generated by industries. This directly addresses COP 21 targets and UK ambitious targets for energy 
and CO2 reduction of 80% by 2050. It will also support sustainable industrial development.  

This project provides an exciting platform for high quality training of young researchers in understanding 
challenges and breakthroughs in energy harvesting. Early stage investigator, through this project, will 
have exceptional opportunities to gain skills in an interdisciplinary area and work with internationally 
known experts through collaborations with universities and the industry partner.  

The research team intends to further strengthen collaboration with European Thermodynamics Ltd., 
which is one of the industry leaders in thermoelectric module manufacturing and application of modules 
in commercial systems in the UK. Generating high performance TE materials could also lead to new 
high-skilled jobs and offer a technology platform to other industries. 

Additional admissions requirements: please state if there are any specific admissions 
requirements for this project i.e. subject specific degree qualifications or disciplines, relevant 
skills, experience etc. 
A graduate with first class or 2-1 degree in materials science or physics will be most suitable for this 
project. An MSc. Degree will be an added advantage. 

 


