
Summer Research Meeting

24 — 26 July, Downing College, Cambridge

Schedule and presentations



Meeting Schedule

Tuesday 24th Wednesday 25th Thursday 26th

08:30 — 09:00 Tea & coffee Tea & coffee

09:00 — 09:30 The
FRAY LECTURE

Derek Fray

Niccolo Le Brun

09:30 — 10:00 Geir Martin Haarberg

10:00 — 10:30 Andrew Watson Leigh Aldous

10:30 — 11:00 Tea & coffee Tea & coffee

11:00 — 11:30 David Rodriguez Xianbo Jin

11:30 — 12:00
George Chen

Maurizio Celentano

12:00 — 12:30
Registration

LUNCH
Chair’s welcome 13:45

Ali Kamali

12:30 — 13:30 LUNCH
Committee meeting

LUNCH
Conference close

13:30 — 14:00 Yumi Katasho

14:00 — 14:30
Nicholas Gathergood

Charles Denbow

14:30 — 15:00
Ian Scott

15:00 — 15:30 Rasmus Fehrmann

15:30 — 15:45 Tea & coffee Tea & coffee

15:45 — 16:15 Espen Olsen

Museum visit16:15 — 16:45 Stuart Mucklejohn

16:45 — 17:15
Ian Mellor

17:15 — 17:45

18:00 — 19:00 Drinks reception
West Lodge

Drinks reception
Grace Howard Room

19:00 — 22:00 Conference dinner
Maitland Room

Gala dinner
Speaker Tom Welton



Welcome to Cambridge

The Molten Salts Discussion Group has the pleasure of welcoming you to Downing College. We 
have a full schedule of talks on all areas of molten salts and ionic liquids. This year we 
inaugurate a new named lecture, the Fray Lecture, and the inaugural speaker will be Prof Derek 
Fray FRS FRAEng. We hope you enjoy your stay in Cambridge.

MSDG Committee

Getting to Cambridge 
Train
Cambridge is well connected by train. There are frequent direct trains from London Kings Cross 
and a stopping service from both London Kings Cross (Great Western) and London Liverpool 
Street (Abellio Greater Anglia). London Liverpool Street trains booked in advance from Abellio 
Greater Anglia can be cheaper but tickets must be used on specific trains. 

Taxi
There are taxi ranks throughout the city and immediately next to the main bus and train stations. 
The journey takes about 10 minutes. Downing College is on Regent Street and its postcode is 
CB2 1DQ.

By Foot
Downing College is a 15 minute walk from Cambridge train station (see map). Leave the Station 
by Station Road and turn right onto Hills Road. Walk until the large Church (Our Lady & English 
Martyrs) is on the left and continue over the crossing onto Regent Street. The entrance gate is 
opposite Pizza Hut.

About Downing College 

The meeting will be held at Downing College, Cambridge. Downing College has a unique and 
magnificent setting amid 20 acres of lawns and trees, yet is in the very centre of Cambridge. 
The buildings, which are predominantly neo-classical in style, convey a sense of elegance and 
spaciousness, enhanced by harmonious proportions, graceful columned porticos, and delicate 
pink and yellow stone. The architect William Wilkins designed the College around a great 
quadrangle of 300 feet square.The College was founded in 1800 under the will of Sir George 
Downing, Baronet (1685-1749), and the Royal Charter was issued on 22 September of that 
year. Sir George’s grandfather gave his name to Downing Street in London. Downing was the 
first example of this type of collegiate architecture. The building of the College made a complete 
break with the very enclosed, traditional monastic courts of the older foundations. The whole 
feeling of Wilkins’ College was to be one of space with buildings set in a landscape. However, 
only part of Wilkins’ scheme was executed, comprising the West range and majority of the East 
range, built 1807-21. In 1876 the northern two staircases of the East range were completed to 
Wilkins’ design by the architect E M Barry. Much building activity took place during the last 
century. 







Registration 
Registration will take place in the Howard Building, part of the Howard Conference Centre 
(marked grey on the College map) from 12:00 noon on Tuesday 24th July There will be signs to 
the venue from the main Porters’ Lodge. Lunch will be served from 12:30. The conference talks 
will begin after the Chair’s welcome at 14:00.

Wifi and internet
The venue is well served by Eduroam. College wifi tokens will be available.

Lectures 
Lectures will take place in the Howard Building. Lunch and refreshments will be served in the 
Howard Building Drawing Room. Please make College staff aware of any special dietary needs.

Reception and Dinner 
There will be a drinks reception from 18:00 on Tuesday evening in the West Lodge (Staircase 
“E” on the College map. Dinner will be served from 19:00 — 22:00 in the Maitland Room.

Gala Dinner 
A drinks reception and Gala Dinner will be held in the Grace Howard Room on the ground floor 
of the Howard Theatre (Number 6 on the College map). The after dinner speaker will be 
Professor Tom Welton OBE, Dean of the Faculty of Natural Sciences at Imperial College 
London.

Excursion 
Downing is situated within walking distance of several museums. There will be a visit to the 
Fitzwilliam Museum (3 on the museum map) during Wednesday afternoon. The museum closes 
at 17:00. Delegates are free to visit other sites of interest. A selection of attractions is included 
on the museum map. Note The Polar Museum (5) closes at 16:00, The Museum of Archaeology 
and Anthropology (1) and the newly-reopened Zoology Museum (8) close at 16:30. The 
Sedgewick Museum of Earth Sciences (6) closes at 17:00. The Whipple Museum of the History 
of Science is closed for refurbishment. 

All University museums have free admission.



Programme 





Tuesday 24th July Howard Building

12:00 — 13:45 Arrivals & registration, Howard Building Drawing Room

12:30 — 13:45 Lunch

13:45 — 14:00 Chair’s welcome by Andrew Doherty

14:00 — 15:30 Technical session 1 Chair: Andrew Doherty

14:00 — 15:00 Safer Chemicals: Reducing Toxicity and Improving Biodegradability
Nicholas Gathergood
Department of Chemistry and Biotechnology, Tallinn University of 
Technology, Academia Tee 15, 12618 Tallinn, Estonia

15:00 — 15:30 Ionic Liquids in Membrane Continuous Flow Processing and Gas 
Separation
Leonard Schill, Jakob. M. Marinkovic, Anders Riisager and Rasmus 
Fehrmann
Centre for Catalysis and Sustainable Chemistry, DTU Chemistry, Technical 
University of Denmark, Kgs. Lyngby, Denmark

15:30 — 15:45 Tea & coffee

15:45 — 17:45 Technical session 2 Chair: Derek Fray

15:45 — 16:15 ABC-Salt – Advanced Biomass Catalytic Conversion to middle distillates in 
molten salts
Espen Olsen, Heidi S. Nygård
Faculty of Science and Technology, Norwegian University of Life Sciences 
(NMBU), Drøbakveien 31, 1432 Ås, Norway

16:15 — 16:45 High-pressure metal halide discharge lamps without the perils of molten 
salts  
S.A.Mucklejohn
Ceravision Limited, Sherbourne Drive, Tilbrook, MK7 8HX, UK

16:45 — 17:45 The Metalysis Process – A Flexible Distributed Manufacturing Route for 
the Production of Novel AM Powders
Ian Mellor, Melchiorre Conti, Luke Benson Marshall, Lyndsey Benson, 
Stephen Repper and Nader Khan.
Metalysis Ltd

18:00 — 19:00 Drinks reception West Lodge

19:00 — 22:00 Conference dinner Maitland Room



Wednesday 25th July Howard Building

08:30 — 09:00 Tea & coffee

09:00 — 10:30 Technical session 3 Chair Stuart Mucklejohn

09:00 — 10:00 The Fray Lecture
Finding ideas that can lead to interesting applications
Derek Fray
Department of Materials Science and Metallurgy, University of Cambridge

10:00 — 10:30 The Modelling of Phase Equilibria, & the Materials Chemistry Committee of the 
IOM3
A.Watson
Research Centre for the Built and Natural Environment, Faculty of 
Engineering, Environment and Computing, Coventry University

10:30 — 11:00 Tea & coffee

11:00 — 12:30 Technical session 4 Chair Ali Kamali

11:00 — 11:30 Development of an Inert Anode for the Electrolytic Reduction of Cerium Oxide 
David Rodriguez, Marisa Monreal, Matt Jackson & Kirk Weisbrod
Los Alamos National Laboratory, Los Alamos, New Mexico 87545 

11:30 — 12:30 A Molten Salt based Iron-Oxygen Battery 
Cheng Peng1, Jian-Qiang Wang1 & George Z. Chen2 
1 Department of Molten Salt Chemistry and Engineering, and Key Laboratory of 
Interfacial Physics and Technology, Shanghai Institute of Applied Physics, Chinese 
Academy of Sciences, Shanghai 201800, P. R. China. 2 Department of Chemical and 
Environmental Engineering, University of Nottingham, Nottingham NG7 2RD, UK

12:30 — 13:30 Lunch & MSDG Committee meeting

13:30 — 15:30 Technical session 5 Chair Paul Coxon

13:30 — 14:00 Electrochemical Reduction of Vitrified Nuclear Waste Simulant inMolten CaCl2
Y. Katasho1, K. Yasuda2, 3 & T. Nohira1
1 Institute of Advanced Energy, Kyoto University, Uji 611-0011, Japan 
2 Agency for Health, Safety and Environment, Kyoto University, Kyoto 
606-8501, Japan
3 Graduate School of Energy Science, Kyoto University, Kyoto 606-8501, 
Japan

14:00 — 14:30 Impact of Molten Salt Reactors on the UK Electricity Grid (2020 – 2050)  
N. Le Brun, C. Denbow & C.N. Markides
Department of Chemical Engineering, Imperial College London

14:30 — 15:30 Moltex Stable Salt Reactor -  Simpler & Safer but most importantly Cheaper
Ian Scott
Moltex Energy Ltd

15:30 — 15:45 Tea & coffee

15:45 — 17:45 Museum visit. Fitzwilliam Museum, or other of delegates’ choice

18:00 — 19:00 Drinks reception, Grace Howard Room

19:00 — 22:00 Gala Dinner
After dinner speech: Tom Welton, Imperial College London



Poster 

Corrosion of alloy in molten glass
Yingjun Liu
Department of Material Sciences and Metallurgy, University of Cambridge No 27 Charles 
Babbage Road, Cambridge, CB3 0FS

Thursday 26th July Howard Building

08:30 — 09:00 Tea & coffee

09:00 — 10:30 Technical session 6 Chair Andrew Doherty

09:00 — 09:30 A radiative heat exchanger design for MSR
N. Le Brun and S. E. Joseph
Department of Chemical Engineering, Imperial College London

09:30 — 10:00 Electrodeposition of Silicon – A New Approach Using Liquid Gallium 
Cathode in Molten Salts
Geir Martin Haarberg1, Tomonori Kato2, Yutaro Norikawa2, and 
Toshiyuki Nohira2 
1Department of Materials Science and Engineering, Norwegian University 
of Science and Technology (NTNU), NO-7491 Trondheim, Norway
2Institute of Advanced Energy, Kyoto University, Kyoto, Japan 

10:00 — 10:30 Thermogalvanic waste-heat-to-electricity conversion: Ionic liquids or 
aqueous electrolytes?
Leigh Aldous 
Department of Chemistry, Britannia House, King’s College London, 
London, SE1 1BY, UK

10:30 — 11:00 Tea & coffee

11:00 — 12:30 Technical session 7 Chair Paul Coxon

11:00 — 11:30 Preparation of Energic Graphite through Electrochemical Graphitization
C.Y. Zhang1, D. J. Fray2 & X.B. Jin1,2 
1 College of Chemistry and Molecular Sciences, Wuhan University, Wuhan, 
430072, P.R. China
2 Department of Material Sciences and Metallurgy, University of Cambridge

11:30 — 12:00 Electrochemical BioSensors Based on Ferrocene-Based Ionic Liquid
M. Celentano, L. Graham, & A. P. Doherty
School of Chemistry and Chemical Engineering, The Queen’s University of 
Belfast, Belfast, Northern Ireland, UK, BT9 5AG

12:00 — 12:30 Molten salt synthesis of SnO2 nanostructures 
Zhen-Kun He, Qiang Sun, Ali Reza Kamali
School of Metallurgy, Northeastern University, Shenyang 110004, People’s 
Republic of China 

12:30 — 13:30 Lunch & conference close



Safer Chemicals:
Reducing Toxicity and Improving Biodegradability  

N. Gathergood 
ERA Chair of Green Chemistry, Department of Chemistry and Biotechnology, Tallinn University of 
Technology, Academia Tee 15, 12618 Tallinn, Estonia 

Contact E-mail: Nicholas.gathergood@ttu.ee

As green chemists strive to develop cleaner and safer chemical processes a key factor is the 
chemical compound selected. While poor marketing advocates the use of chemical free 
products, chemical substitution is a preferred strategy. To determine whether a proposed 
replacement chemical is a greener and more sustainable alternative is a complex evaluation. 
Chemists, biologists, environmental scientists and engineers (a far from exhaustive list), can all 
provide valuable insight to tackle this challenge. Of equal importance is the impact a green 
chemist can have on developing new methodologies with colleagues in the disciplines 
mentioned previously. Using the development of safer ionic liquids as a case study, the 
presentation will highlight how tandem toxicity/biodegradation assessment and catalyst 
optimisation studies, can aid the design of safer chemicals. [1,2] Lessons learned in the 
development of these catalysts has then been applied to the design of surface active ionic 
liquids. In particular, selection of compounds to be included in a test study is governed by the 
predicted high propensity to biodegrade [3,4] (even mineralise) in the environment.[5,6] 

Acknowledgement 
NG thanks the EU FP7 Programme for research, technological development and demonstration under 
grant agreement no 621364 and the Estonian Research Council PUT1656 for funding.
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Ionic Liquids in Membrane Continuous Flow Processing & Gas 
Separation

Leonard Schill, Jakob. M. Marinkovic, Anders Riisager & Rasmus 
Fehrmann 
Centre for Catalysis and Sustainable Chemistry, DTU Chemistry, Technical University of Denmark, Kgs. 
Lyngby, Denmark
Contact E-mail: rf@kemi.dtu.dk

Hydroformylation of olefins by syngas to produce 
aldehydes is a highly important reaction, and 
several supported ionic liquid phase (SILP) 
catalyst systems have demonstrated industrial 
potential. However, the long-term catalytic 
performance of such systems is often negatively 
influenced, due to the formation of “heavies” by 
undesired pore condensation reactions 
hampering activity and selectivity. In the 
HORIZON2020 project Reactor Optimisation by 
Membrane Enhanced Operation (ROMEO) a 
new “two-in-one” reactor concept is being 
developed. The unique ROMEO reactor will 
overcome present challenges in the technology 
for the hydroformylation process and its 
industrial application. The ROMEO reactor 
technology combines two process steps in one 
module (Figure 1, top) utilizing a catalytically 
active membrane in combination with a 
homogeneous catalyst. Depending on the 
properties of the membrane, either the product 
or byproduct passes through the membrane 
once the reaction has taken place at the catalyst 
surface, limiting the pore condensation of high 
boiling side products (heavies). 

Another technology utilizing ionic liquids for 
selective gas separation comprises a specialised 
ionic liquid - interacting chemically with a targeted 
gas component - impregnated on a porous support which may be extruded into honey comb 
channelled elements suited for instalment in e.g. an industrial flue gas duct (Figure 1, bottom). 
Our recent results regarding optimization of this technology, applying the SILP concept for 
selective CO2, SO2 and NOx removal, will also be addressed. 

References
[1] S.N. Bizzari, M. Blagoev & A. Kishi. Chemical Economics Handbook: Plasticizers. IHS Chemical 

(2006).
[2] R. Fehrmann, A. Riisager & M. Haumann. Supported Ionic Liquids: Fundamentals and Applications. 

John Wiley Sons (2014).
[3] M. Jakuttis, A. Schönweiz, S. Werner, R. Franke, K.-D. Wiese, M. Haumann, P. Wasserscheid. 

Angew. Chem. Int. Ed., 50, p. 4492-4495 (2011).
[4] http://www.romeo-H2020.eu
[5] P.K. Kaas-Larsen, P. Thomassen, L. Schill, S. Mossin, A. Riisager & R. Fehrmann, ECS Trans., 75, 

p. 3-16 (2016).

Figure 1: ROMEO technology combining two 
standard process steps (top) and rotating ionic 

liquid based gas separation filter (bottom).

mailto:rf@kemi.dtu.dk
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ABC-Salt – Advanced Biomass Catalytic Conversion to middle 
distillates in molten salts

Espen Olsen, Heidi S. Nygård 
Faculty of Science and Technology, Norwegian University of Life Sciences (NMBU), Drøbakveien 31, 
1432 Ås, Norway
Contact E-mail: espen.olsen@nmbu.no

ABC-Salt is a new H2020-project with the aim of validating at lab scale a novel route to produce 
sustainable liquid biofuels (middle distillates (MD)) from various lignocellulosic waste streams 
for the transport industry, both on roads (biodiesel) and in air (jet fuel). The novelty of the project 
is to perform liquefaction and subsequent catalytic hydro-pyrolysis of the biomass in a molten 
salt environment, followed by the catalytic hydro-deoxygenation of the vapour phase using 
suitable catalysts to obtain a hydrocarbon product suitable for use as a MD biofuel. The project 
includes technical aspects (such as substrate flexibility, biomass liquefaction and hydro-
pyrolysis in molten salts and subsequent hydro-deoxygenation and their integration), but also a 
socio- and techno-economic viability study of the technology (substrate availability and supply 
chain, future end-users and economic sustainability of the process). 

In this paper, we give a general introduction to the ABC-Salt project, with the main focus on the 
selection of suitable molten salts. The first technical step of the value chain is the liquefaction of 
biomass in molten salts. The idea is to overcome the bottleneck of feeding biomass into high 
pressure reactors by including a primary liquefaction step. An originality of this project is to 
perform this step at mild conditions (<200°C, atmospheric pressure) and using lignocellulosic 
biomass as substrate. The main role of the molten salt is to act as a solvent / dispersing agent 
to transfer the biomass into the high pressure hydropyrolysis unit. In addition, the molten salt is 
also a heat carrier and may act as a catalyst in the follow up hydropyrolysis step of the process. 

Suitable molten salt or salt mixtures will be selected based on physical properties and chemical 
stability. The aim is to liquefy the biomass by a physical dissolution process, without excessive 
cracking and (re)polymerization. The salt (mixture) should therefore melt at a fairly low 
temperature, preferably in the range 150-200°C. The temperature should be high enough to 
ensure liquefaction, but at the same time sufficiently low to suppress the premature conversion 
of particularly the hemicellulose into char and / or gas phase components. The salts with 
sufficiently low melting points will be studied further with regards to chemical stability. For 
recycling purposes, it is important that the salts do not react chemically with constituents from 
the biomass particles. Possible side reactions such as hydrolysis will be studied. 



High-pressure metal halide discharge lamps without the perils of
molten salts  

S.A.Mucklejohn 
Ceravision Limited, Sherbourne Drive, Tilbrook, MK7 8HX, UK
Contact E-mail: stuart.mucklejohn@ceravision.com

Chemical thermodynamics and kinetics have played vital roles in establishing 
the failure mechanisms in high-intensity discharge (HID) lamps and in 
mitigating these processes to improve the reliability and extend the life of these 
lightsources. The family of HID lamps includes high-pressure mercury lamps, 
high-pressure sodium (HPS) lamps and metal halide lamps (MHL). High-
pressure mercury lamps have been the subject of regulation restricting their 
sale in many parts of the world due to the low efficiency of these sources for 
general lighting. HPS lamps with their characteristic yellowish light are widely 
used in roadlighting and exterior floodlighting but white lightsources (MHLs & 
LEDs) are now favoured for many such applications.

HID lamps are characterised by high temperatures and pressures and large 
temperature gradients. These features invariably promote corrosion, this 
material transport results in a degradation of the lamp's performance, such as 
a reduction in the light output, and a weakening of the structure of the arctube.

The early generations of metal halide lamps used fused silica arctubes, 
referred to as Quartz Metal Halide lamps (QMH) by the industry. Although 
these sources offered white light with good colour rendition they suffered 
from poor lumen maintenance, inconsistent colour control and relatively 
short lives. The lifetimes were limited by two predominant mechanisms: 
interaction of the metal halides with the arctube materials and transport of 
tungsten from the electrodes to the wall. 

The mid-1990s saw the introduction of metal halide lamps with ceramic arctubes (CMH). These 
offered higher efficiency, excellent colour consistency and longer lamp life. The use of ceramic 
arctubesenabled higher temperatures to be tolerated. Recent advances have shown further 
improvements in performance and reliability. Many of these improvements have been made 
possible by advances in material science, especially in the design and manufacture of shaped 
ceramic arctubes, such as that shown in Figure 1. 

The most recent generation of CMH lamps have arctubes in which the mixture of metal halides 
is fully evaporated in operation and they do not have a pool of molten dose [1]. This helps to 
alleviate one of the main failure mechanisms, i.e. the transport of arctube material by the 
continued action of evaporation and condensation on the arctube wall. Unsaturated metal 
halide lamps are no longer restricted to those with ceramic arctubes [2]. This paper will outline 
the development of a new generation of unsaturated metal halide lamps for specialist 
applications with fused-silica arctubes.
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[1] J. Hendrix, J. Vrugt, C. Denissen & J. Suijker, Unsaturated ceramic metal halide lamps - A new 

generation of HID lamps, Proc. 12th Int. Symp. Science & Technology of Light Sources and 3rd Int. 
Conf. on White LEDs & Solid State Lighting p. 405-414 (2010). ISBN 978-0-9555445-2-1.

[2] M. Santos, S. A. Mucklejohn, B. Preston & M. Whiting, Development of lightsources with highly 
stable spectral power distributions to supplement HPS lighting for horticulture, Presented at the 16th  
Int. Symp. Science & Technology of Lighting, June 2018.

Figure 1. Philips 
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CDM-T Elite 100 W 
with G12 base



The Metalysis Process –  A Flexible Distributed Manufacturing 
Route for the Production of Novel AM Powders

Ian Mellor, Melchiorre Conti, Luke Benson Marshall, Lyndsey Benson, 
Stephen Repper & Nader Khan
Metalysis Ltd

The Metalysis process, encompassing the FFC® Cambridge electro-deoxidation technology, is 
a disruptive route, offering an innovative pathway to produce a range of metals, alloys and 
intermetallic powders across the periodic table for additive manufacturing. A salient feature of 
this approach, is that it is possible to tailor the particle size and distribution of the product for a 
given additive manufacturing technique. Secondly, since the operation is conducted solely in the 
solid state, it is possible to combine elements of mismatched melting points and densities, 
which would be extremely challenging or impossible to homogenise via conventional means. 
The hardware to generate powders is both modular and agnostic to feedstock type, allowing 
adoption of a distributed manufacturing model, flexible to individual customer requirements. 
This presentation describes several case studies, ranging from currently available materials 
such as Ti-6Al-4V, through to novel High Entropy Alloys (HEA’s).



Finding ideas that can lead to interesting applications

Derek Fray 
Department of Materials Science and Metallurgy, University of Cambridge
Contact E-mail: djf25@cam.ac.uk

A major challenge for all academics is to create ideas that can gain financial support and, 
hopefully, yield interesting results.  There are two possible approaches, the first is to work in an 
area where there is already momentum and try to find a niche area.  The second approach is to 
find and combine known science with a problem that needs solving.  Examples that will be 
described include the development of electro-deoxidation which evolved from removing 
dissolved oxygen from titanium to the reduction of metal oxides in the FFC Cambridge 
process1.  In certain applications, such as generating oxygen on the moon, the process requires 
an inert anode, which is a demanding challenge but eventually calcium ruthenate, a compound 
used in low temperature physics was found to be successful2.  Also, in the field of titanium 
extraction, much work has been undertaken on the electrochemical reduction of titanium 
oxycarbides.  However, it has only recently been realised that this process can also permits 
electrorefining as well reduction which leads to the direct treatment of ores containing 
impurities3.

Carbon has been used in molten salts for over a century but, in the past decade, it has been 
found that by electrolysing molten lithium chloride it is possible to intercalate lithium into 
graphite to form carbon nanoscrolls and nanoparticles4.  If a smaller atom, such as hydrogen, 
was intercalated into the graphite, high quality graphene sheets were created5.

The efficiency of silicon PV cells is relatively low due to much of the light being reflected.  It was 
found that this could be substantially reduced by using electro-deoxidation to reduce the native 
silica layer to finely divided silicon which absorbed 99% of the incident light over a wide range of 
wavelengths6.  Rather surprisingly this layer of finely divided silicon when scrapped resulted in 
an anode for lithium ion batteries with the theoretical capacity for Li4Si.

One application that was successful technically was the extraction of potassium from low grade 
sources in Brazil but failed to raise the necessary capital.   It was piloted on a large scale but 
when it came to building a full scale plant, none of the suppliers would guarantee the 
performance of the reactor and without a guarantee investment was not forthcoming.

The last topic involves electrochemistry but not molten salts. It has been known for centuries 
that oxygen helps to heal wounds but without a continuous supply the method has never been 
extensively used.  A small device was constructed that electrolysed the water in a Nafion 
membrane to produce pure humidified oxygen and hydrogen which ws reacted with air to give 
water and was returned to the membrane so that there was not net loss of water.  A video 
shows how effective this device is in healing wounds7.

Overall, these projects show that by coupling existing knowledge with a known problem, 
sometimes in a different area, surprising results can be achieved which, in some cases, have 
led to the formation of spin-out companies.
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The Modelling of Phase Equilibria,
and the Materials Chemistry Committee of the IOM3

A.Watson 
Research Centre for the Built and Natural Environment, Faculty of Engineering, Environment and 
Computing, Coventry University, Priory Street, Coventry, United Kingdom, CV1 5FB
Contact E-mail: andrew.watson@coventry.ac.uk

As with all major Institutions, The Institute of Materials, Minerals and Mining has its special 
interest groups and committees that take care of the professional interests of its membership. 
The Materials Chemistry Committee is one of two committees that differ from the other groups 
within the IOM3, in that their focus spans all material types and many differing aspects of 
Materials Science. Part one of this two-part presentation attempts to chart the history of the 
MCC, from its early days as 'The Phase Diagram Committee' to the present day discussing its 
achievements and aspirations for the future. 

Part two of the presentation focuses on one of the main interests of many members of the 
MCC. Considering its origins, it should be of no surprise that many of the committee 
membership have a strong interest in the generation of phase diagrams. Although originally with 
an emphasis on metallic systems, the current membership reflects an interest in phase 
diagrams of other material types, such as ceramic and molten salt systems. Over recent years, 
there has been a gradual shift in the way that phase diagram information is generated; from 
predominantly experimentally based studies in the early years to the computational modelling 
techniques that are very popular today. The presentation describes how, from relatively simple 
yet precise measurement of phase equilibria and thermodynamic properties, large databases of 
thermodynamic parameters can be constructed that allow very complex problems in materials 
science to be addressed. 



Development of an Inert Anode
for the Electrolytic Reduction of Cerium Oxide 

David Rodriguez, Marisa Monreal, Matt Jackson & Kirk Weisbrod 
Los Alamos National Laboratory, Los Alamos, New Mexico 87545 

Since the early 2000s, when the Fray-Farthing-Chen (FFC, direct mechanism) and the Ono-
Suzuki (OS, indirect mechanism) processes for the reduction of titanium oxide were elucidated, 
several additional metal oxides (ZrO2, Ta2O5, Cr2O3, and Nb2O5) have been reported to 
electrolytically reduce to their metallic state in molten CaCl2-CaO.[1-3] In our hands, the 
electrolytic reduction of cerium oxide has resulted in mixed degrees of success due to side 
reactions within the molten salt. Cyclic voltammetry (CV) was performed in order to identify the 
products of these side reactions, and resulted in greater understanding of the system; based on 
CV results, parameters were refined, resulting in an improved production of Ce0. When Ce0 was 
successfully produced by electrolytic oxide reduction, a large amount of passed charge was 
required due to various inefficiencies of the process, requiring further optimization. Anode 
material has been identified as a possible source of inefficiency, as it degrades throughout an 
experiment. Currently, pyrolytic graphite is used as the anode, which leads to carbon dissolution 
and contamination of the salt bath. As such, the goal of this study is to identify an inert anode 
material and operational parameters to ensure greater yields of metallic product. 
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Reaction kinetics often become faster at higher temperatures, but most commercial batteries are 
made for ambient applications and hence usually have poor power capability. Using kinetically 
favourable nanostructured electrode matertials, 
supercapacitors can output significantly larger 
power, but sacrifice inevitably the energy 
capacity [1]. Efforts to raise the working 
temperature of batteries are rare in aqueous and 
organic electrolytes, except for molten salts [2]. 
We recently demonstrated a molten salt based 
iron-oxygen battery (MIB) with a bi-phase 
electrolyte of molten carbonate and solid oxide 
[3]. It was constructed with a nickel negative 
electrode and an yttria stabilized zirconia (YSZ) 
supported silver positive electrode, and a molten 
electroltye of mixed hematite (Fe2O3), lithium 
oxide (Li2O) and lithium carbonate (Li2CO3). 
XRD analysis revealed the reaction between 
Fe2O3 and Li2O to produce lithium iron oxide 
(LiFeO2) in the molten electrolyte, as shown in 
Fig. 1. The reversible reactions responsible for 
charging the MIB are below, while discharging 
the MIB reverses all these reactions. 

In molten salt electrolyte: Fe2O3 + Li2O = 2LiFeO2 (Fe2O3 = 2Fe3+ + 3O2-) 
At negative electrode: 2LiFeO2 + 6e = 2Fe + Li2O + 3O2- (2Fe3+ + 6e = 2Fe) 
At YSZ|positive electrode: 3O2- = 1.5O2 + 6e 
Overall cell reaction: Fe2O3 = 2Fe + 1.5O2 (ΔGo @800oC = 541.16 kJ) 

Obviously, the MIB merges the principles of the metal-air battery and solid oxide fuel cell, and takes 
advantage of the high working temperatures of the molten salts to promote reaction kinetics and 
power capability without sacrificing the energy density. These predicted merits of the MIB are 
verified in this work. For example, at 800 oC and 0.1 W (constant power discharging), it typically 
exhibited 129.1 Wh kg-1 in specific energy and 2.8 kW kg-1 in specific power, and 388.1 Wh L-1 in 
energy density and 21.0 kW L-1 in power density. When discharging at 0.1 A, specific and volumetric 
capacity values of 240.0 mAh g-1 and 720.0 mAh cm-3 were obtained. These values were all derived 
based on the molten salt mass or volume. On the basis of specific energy, the MIB may cost at US$ 
112.1 kWh-1, which could be further decreased by using inexpensive salts such as Na2CO3, K2CO3 
and/or KCl. 
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Figure 1. XRD patterns of solidified samples of the 
molten electrolyte of mixed Fe2O3 (7.2 g), Li2O (2.7 g) 
and Li2CO3 (20.1 g) before (top) and after full charging 

(bottom) in the iron-oxygen battery. 
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Nuclear power, especially in Japan, has a serious problem for a 
disposal of the radioactive wastes. Recently, feasibility studies 
have been conducted on a new disposal process, as one of the 
ImPACT programs [1], aiming at reduction and resource recycling 
of high-level radioactive wastes through nuclear transformation. 
As an initial step of the process, it is necessary to separate and 
recover long-lived fission products (LLFPs), such as 135Cs, 79Se, 
93Zr, and 107Pd, from vitrified waste. To recover LLFPs from the 
vitrified wastes, the decomposition of Si–O network structure of 
the glass is required. We proposed the electrochemical 
reduction of vitrified waste in molten CaCl2 for the 
decomposition of Si-O network structure [2]. (Note: The 
condition of the reaction field is different from that of the 
geological disposal site.) In this study, the electrochemical 
reduction of simulant for vitrified radioactive wastes composed 
of 33 oxides, was investigated in molten CaCl2 at 1103 K.

First, the behaviour of each element was predicted by 
constructing the Ellingham diagrams and the potential−pO2− 
diagrams from the thermodynamic data. Secondly, the 
electrochemical reduction behaviour was investigated by using 
the experimental apparatus shown in Fig. 1. The experiment 
was conducted under Ar atmosphere. Ag+/Ag electrode and 
graphite electrode were used as reference and counter 
electrode, respectively. Dozens of pellets were fabricated from 
mixture of powder of ca. 10 g of vitrified waste simulant (SiO2 
50.5wt%, SeO2 0.02wt%, ZrO2 1.13wt%, PdO 0.37wt%, Cs2O 
0.71wt%, other oxides 46.9wt%, the number of oxides is 33) 
and ca. 4 g of CaCl2. Galvanostatic electrolysis was conducted 
at −2 A after putting the pellets into the melts. After the 
electrolysis, a part of reduction products was analysed by XRD 
and ICP-AES/MS. Sampled salt was also analysed by ICP-
AES/MS. 

XRD analysis revealed that a main component of SiO2 was reduced to Si by the electrolysis. Fig. 2 
shows the distribution of elements in molten salt and solid phase after the electrolysis. Alkali and 
alkali earth elements including Cs were dissolved into molten salt. Rare earth elements mostly 
remained in the solid phase. Most of the other elements including Zr and Pd were in the solid 
phase. Se and Zn were indicated to be partially evaporated. These behaviours agreed with the 
prediction by thermodynamic calculation.
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Fig. 1 Experimental schematic for 
electrochemical reduction of vitrified 

waste simulant.

Fig. 2 Distribution of elements in 
molten salt and solid phase after 

galvanostatic electrolysis of vitrified 
waste simulant at −2 A for 300 min in 

molten CaCl2 at 1103 K.
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The power supply to the UK electricity grid is expected to simultaneously keep pace with a 
growing electricity demand and become more robust to supply variability as the country pursues 
a low-carbon future [1–4]. Subsequently, government policies both incentivize renewables 
deployment and create a space for reliable and reasonably priced power supply to consumers 
[5–7]. Identification of the best remaining low-carbon technology mix, amidst an immersion of 
non-dispatchable renewables, is still being debated. To add, suggestions for the rapid 
deployment of CCS technology and Generation III+ nuclear power plants have been plagued 
with investment uncertainty and a perception that these options may not be cost-competitive 
within a liberalised electricity market [8–10]. 

A suggested technological solution may reside in the deployment of Molten Salt Reactors 
(MSRs), which have low capital costs and operational risk estimates, with the promised benefit 
of reliable, flexible and dispatchable low-carbon electricity [11–13]. Much of the focus of new 
MSR design start-ups has been on refining elements of early reactor development, addressing 
regulatory concerns and attracting public-private investment for their designs [14, 15]. However, 
there has been little published literature on estimating the future impact of MSR designs, further 
exploring their achievable return on investment in a given electricity market. One way to 
estimate this impact and determine profitable reactor design features is through Electricity 
Systems Optimization (ESO) modelling [16] which has grown in popularity in response to 
understanding the effects of renewables on the grid [17, 18]. 

While most model applications have looked at quantifying the value of renewable energy 
generation and storage technology on the future grid [19–21], only a handful have included 
advanced nuclear technology [22] as a power generation source. Inclusion of MSR technology 
as a power source in ESO modelling can assist in exploring a range of questions. Firstly, to 
what extent will the availability of MSR deployment affect the total capital, operating and 
maintenance expenditure for all the forecasted power generation technologies on the UK 
electricity grid in the future? Secondly, what are the limitations of this MSR deployment to 
minimize the total costs for the electricity system? Thirdly, how much will the resultant power 
generation mix align with the government’s 2035 targets for low-carbon power sources? 
Fourthly, what MSR design is likely to deliver the most cash flow per MWe under the 
government current policies? Finally, to what extent will load-following flexibility characteristics 
influence the profitability of the respective MSR design? Understanding these answers could 
help to determine whether MSRs are a suitable value proposition for UK society and private 
investors.

The preliminary results (Figure 1) of the present work suggest that for an MSR overnight capital 
costs of £1,765 per kWe [13], the Net Present Value is most attractive at a strike price of £160/
MWh. At this strike price each reactor built will only be used for one 15-year contract (CfD) 
starting in 2035.



Figure 1 - NPV for a 1200 MWe MSR selling electricity at various strike prices from 2020 – 2050
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Moltex Stable Salt Reactor — 
Simpler & Safer but most importantly Cheaper

Ian Scott 
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The Stable Salt Reactor (SSR) emerged from a very simple insight that nuclear fuel in the 
form of molten salts could be placed in essentially conventional fuel tubes and assemblies in 
a reactor rather than having to be pumped round a complex chemical engineering circuit. 
The driver behind its development before and since that first insight was to reduce the 
capital cost of nuclear reactors to a level where they could replace fossil fuels as the 
alternative to wind and solar power.

That low cost has been achieved largely through multiple applications of molten salt 
chemistry.

• The fuel salt is a chloride rather than fluoride salt. This allows its redox state to be 
passively controlled by addition of zirconium metal to each fuel tube at a redox state 
low enough to make oxidation of chromium metal to its salt thermodynamically highly 
unfavourable and therefore allows use of existing nuclear certified alloys to contain 
the fuel. Uranium fluoride is reduced to metal under such highly reducing conditions 
so use of fluoride salt fuel requires new alloys with little data on their use in intense 
radiation and neutron fields. This maintenance of low redox state is vital to reduce 
the vapour pressure of radio-iodine precursors to trivial levels and hence keep the 
hazardous fission products inside the fuel salt.

• The reactor coolant is another molten salt, a mixture of zirconium, potassium and 
sodium fluorides. This has exceptional volumetric heat capacity (3 times higher than 
sodium) and allows reactor pumps to operate at less than 1 bar pressure. This 
reduces hazard, reduces cost and reduces maintenance needs. Most importantly, 
the use of zirconium as the major salt allows exploitation of its multiple valence 
states to buffer the coolant at a redox potential that essentially eliminates corrosion 
of standard stainless steel. This is a major cost saver and simplifies development.

• The reactor outputs its heat in the form of hot nitrate salts (solar salt). This provides 
the capability to store the energy output at very low cost and provide electrical output 
3 times or more the reactor power. In a world where baseload generation is a 
vanishing concept as baseload demand is often met just by zero marginal cost wind 
and solar power this is economically transformative. 

Combining these factors produces a nuclear technology fit for the 21st century with a capital 
cost no higher than a gas fired power station but that has radically cheaper fuel – as well as 
being more reliable and strategically secure.
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Further development of solar power depends largely on the availability of inexpensive solar 
grade silicon. Electrodeposition is a candidate method to produce high purity silicon at a 
reasonable cost. 

We have previously studied electrodeposition of silicon from molten calcium chloride based 
electrolytes and molten fluoride electrolytes. Recent experiments were carried out by using a 
liquid gallium cathode. This new approach is based on studies by Stephen Maldonado and 
coworkers [1] who successfully deposited crystalline naostructured silicon by using a liquid 
gallium cathode in an organic based electrolyte of propylene carbonate with SiCl4 as the silicon 
source. Silicon has a low tendency to alloy with gallium.

Electrochemical studies and electrolysis to deposit silicon from molten eutectic KCl – KF with 2 
mol% K2SiF6 were carried out at 650 oC. Silver wire and glassy carbon rod were used as 
working electrodes, while glassy carbon rod or silver wire were counter electrodes. A silicon flag 
reference electrode was used. Liquid gallium in a small alumina tube with tungsten lead was the 
cathode during electrolysis while glassy carbon or silicon was the anode. 

Silicon deposition is diffusion controlled on silver cathode, while silicon deposition is charge 
transfer controlled on liquid gallium cathode. Silicon was found to deposit using a liquid gallium 
cathode, especially during galvanostatic electrolysis. The current efficiency was found to be 
quite high, and consistently above 80 %. Silicon particles were found on top of gallium after 
cooling down. It is believed but not clear if silicon precipitated inside liquid gallium initially.

Silicon was recovered after experiments by physical separation from liquid gallium followed by 
dissolution of gallium in concentrated HNO3. High purity silicon was obtained. Gallium can form 
alloys with many impurity elements which may cause a refining effect of silicon.

The use of a liquid gallium cathode is promising for the prospect of developing a new process 
for producing high purity silicon by electrolysis in molten salts. 
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A temperature difference separated by an electrolyte can also be used to generate electricity – 
with no moving parts – by the thermogalvanic effect. This is driven by entropy differences 
between reduced and oxidised species. Given that heat is an ubiquitous waste from a wide 
range of human activities and processes, both ionic liquids and aqueous electrolytes could be 
used to harvest some of this energy.

Recently we have investigated combing redox couples electrically in-series and in-parallel [1] 
and gelling electrolytes [2], in order to develop improved aqueous thermogalvanic devices for 
more efficient waste thermal energy harvesting. However, concentration is also a critical factor, 
and electroactive ionic liquids likely represent the highest possible concentration. We have 
therefore investigated so-called ‘solvate ionic liquids’ composed of lithium cations and highly 
coordinating glyme solvents,[3, 4] and also the ferrocene|ferrocenium and iodide|triiodide redox 
couples when dissolved in an ionic liquid.[5] Ultimately, we are moving towards ionic liquids 
where the anion and/or cation is electroactive; this can have significant impacts upon the nature 
of the entropy change.[6] This presentation will summarise recent results investigating a range 
of different families of ionic liquids, and compare them against aqueous electrolytes.

References
[1] M Al Maimani, J.J. Black, L. Aldous, “Achieving pseudo-‘n-type p-type’ in-series and parallel liquid 

thermoelectrics using all-iron thermoelectrochemical cells with opposite Seebeck coefficients” 
Electrochem. Comm., 72, 181-185 (2016).

[2] J. Wu, J. J. Black, L. Aldous, “Thermoelectrochemistry using conventional and novel gelled 
electrolytes in heat-to-current thermocells” Electrochimica Acta, 225, 482–492 (2017).

[3] J. J. Black, T. Murphy, R. Atkin, A. Dolan, L. Aldous “The thermoelectrochemistry of lithium–glyme 
solvate ionic liquids: towards waste heat harvesting” Phys. Chem. Chem. Phys., 18, 20768-20777 
(2016).

[4] J. J. Black, A. Dolan, J. B. Harper, L. Aldous “Kamlet–Taft solvent parameters, NMR spectroscopic 
analysis and thermoelectrochemistry of lithium–glyme solvate ionic liquids and their dilute 
solutions” Phys. Chem. Chem. Phys., 20, 16558-16567 (2018).

[5] E.H.B Anari, M. Romano, W.X. Teh, J.J. Black, E. Jiang, J. Chen, T.Q. To, J. Panchompoo, L. 
Aldous, “Substituted ferrocenes and iodine as synergistic thermoelectrochemical heat harvesting 
redox couples in ionic liquids” Chem. Comm., 52, 745-748 (2016).

[6] L. Aldous, J.J. Black, M.C. Elias, B. Gélinas, D. Rochefort “Enhancing thermoelectrochemical 
properties by tethering ferrocene to the anion or cation of ionic liquids: altered thermodynamics and 
solubility” Phys. Chem. Chem. Phys., 19, 24255-24263 (2017).



Preparation of Energic Graphite through
Electrochemical Graphitization

C.Y. Zhang1, D. J. Fray2 & X.B. Jin1,2  

1 College of Chemistry and Molecular Sciences, Wuhan University, Wuhan, 430072, P.R. China
2 Department of Material Sciences and Metallurgy, University of Cambridge, Cambridge, CB3 0FS, UK
Contact E-mail: xbjin@whu.edu.cn

This presentation will introduce a novel electrochemical graphitization of amorphous carbon for 
the preparation of porous graphite [1,2]. This porous graphite comprising high crystalline 
nanosheets can be an excellent cathode for the aluminum-ion batteries. It was found that the 
high crystallinity and thin layer characters facilitate the high-capacity and high-rate storage of 
aluminum tetrachloride ions. Moreover, the nanosheets-bricked porous structure endows the 
fabricated cathode with a providential porosity to perfectly match the huge volume expansion of 
graphite, about 650% against a charging capacity of 100 mAh g-1 as we determined, which thus 
exhibits integrated high gravimetric and volumetric capacities, as well as high structural stability 
during cycling.
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Electrochemical biosensing has gained more and more attention since the pioneering work reported 
in 1962 by Clark and Lyons, that describes a potentiometric measurement coupled with the enzyme 
glucose oxidase molecular-recognition element to determine glucose in blood plasma [1].

In general, a biosensor contains a molecular–recognition element interfaced to a signal transducer 
which, together, produce a response proportional to the concentration of analyte [2,3]. Enzyme-
coupled electrochemical sensors take advantage from the excellent selectivity and specificity that 
enzymes have for their substrates, as well as the inherent advantages of the electrochemical 
measurement, such as simplicity and selectivity [1]. In an electrochemical biosensor, the signal is 
transduced by an electrode and the measurable response is either an electrical current due to a 
redox reaction (amperometric sensor), or to the change in electrode potential (potentiometric 
sensor). The choice of molecular–recognition element depends on the analyte, and may range from 
redox proteins (cytochrome c) to enzymes (glucose oxidase) to DNA [3-6]. 

The main advantages of electrochemical biosensors are the 
low-cost, fast time-response, operational simplicity, and the 
robust nature of electrochemical measurements [7]. 
However, there are many disadvantages such as the 
inefficient electron transfer between the molecular-
recognition element and the electrode surface. Several 
approaches to circumventing this limitation have been 
suggested and demonstrated. Among them an electron-
transfer (redox) mediator featuring lower oxidation potential 
and fast electron transfer kinetic is commonly used to bridge 
the electrical communication between enzyme and the 
electrode. Ferrocene (Fc) and its derivatives are examples of 
redox mediators that are frequently used. Fc has excellent 
redox properties and it features two stable redox states 
(ferrocene and ferrocenium) (Figure 1) [3,4,6]. The 
interaction between the iron atom and the cyclopentadienyl 
ring facilitates the synthesis of various Fc derivatives and 
ionic liquids [5,9]. In this report, details on the synthesis of Fc 
derivatives and Fc based ionic liquids, as well as studieson 
molecular sensor based on ferrocene-containing ionic liquid 
(Figure 2), are presented.
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Figure 2: Ferrocene based ionic liquid

Figure 1: Ferrocene redox states
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Tin oxide (SnO2) nanocrystals anchored on carbon nanostructures were produced by simple 
one-pot molten salt synthesis methods. These hybrid structures provide an interesting 
performance when used as anode material for rechargeable Li-ion batteries. Moreover, it was 
found that new morphologies such as spiky polycrystalline SnO2 balls with surface oxygen 
vacancies can be synthesised by further heat treatment of the hybrid nanostructures formed. 
The formation of surface oxygen vacancy defects was confirmed by various characterization 
methods including Raman and XPS spectroscopy. A sharp increase in the bulk electrical 
conductivity of the samples was detected by exceeding the onset temperature corresponding to 
the formation of oxygen deficient SnO2 crystals, at which the conductivity of the sample 
significantly outperformed that of commercial SnO2 nanoparticles. The formation of oxygen 
vacancies on SnO2 crystals is thermodynamically studied, and suggested to occur by surface 
carbon reduction of the crystals at sufficiently high temperatures. The enhanced electrical 
conductivity of oxygen deficient SnO2 crystals can lead to a wider application of tin oxides in 
various applications.

Figure 1. Molten salt produced SnO2 structures: (left panel) nanocrystals anchored on graphene, (right panel) an 
oxygen-deficient polycrystalline ball with enhanced electrical conductivity
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