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1. Summary 

1.1 Description of Work 

This deliverable relates to the development of a prototype design that can be used to investigate single and 
multi-channel liquid-based thermoelectric modules (thermo-electrochemical generators and supercapacitors) 
for large heat energy transfer.    

The objective of this work is the design, build and the initial evaluation of a prototype device that can be used 
as a test platform with different TE-fluids over a range of temperatures.  A further objective for the prototype 
design is the experimental requirement to allow the application of a magnetic field to the cell in order to allow 
experimental work on new ionic liquid-based ferrofluids IL-FFs to be carried out.   This is necessary in order to 
determine the effect of the magnetic field on the power generation with the IL-FFs.  The prototype design 
allows for it to be easily reconfigurable so that different materials of construction, electrode materials, cell size 
and the number of working cells can be investigated.  The prototype can be investigated as a single “unit” or 
can be connected in series to increase voltage or in parallel to increase power (or both).  This connectivity can 
be extended to show the principle of linking multiple devices containing both positive TE-voltage difference 
(+Ve, p-type liquids) and negative TE-voltage (-Ve, n-type liquids).  

The prototype will be used as a   proof-of-concept design that will initially use existing TE-fluids and later the 
more advanced IL-FFs being developed in the project.   The prototype allows the performance of e.g. materials 
of construction, temperature and chemical resistance and thermal conductivity, to be studied.  These studies 
will be used to characterise the critical design features, materials compatibility and operational parameters.  
These data will be used to inform the design and the specification of materials for an advanced prototype 
which will incorporate improved IL-FFs at the end of the project.       

1.2 Design Specification – Frist prototype 

The design for the first prototype has been based on the laboratory unit that has been developed by partners 
for the characterisation of thermo-electric fluids1,2.  The laboratory cell C-Tech has built is shown below 
(Figure 1) and consists of a cell body incorporating the working cell volume into which the TE-fluid is 
introduced, electrodes and seals.   

 

Figure 1: First Prototype cell constructed by C-Tech consisting of cell body (PEEK) with brass screw caps with copper 
cores. 3 cell bodies with working volumes of 500, 750 &1000 μl were built.  See text for more detail. 

                                                 
1
 E. Laux et al., Journal of ELECTRONIC MATERIALS (2016) 45: 3383-3389 

2
 M. Bonetti et al., The Journal of Chemical Physics (2015) 142: 244708-1-7 
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The top electrode is connected to a heat source (electrical heater) and the bottom electrode is connected to a 
cold sink (Peltier cooling unit).  The top and bottom electrodes, either graphite or Pt with 15mm diameter, are 
connected electrically to a potentiometer used to measure the voltage generated by the thermoelectric cell 
for different thermal gradients applied.  Three cell bodies were made with working volumes of 500, 750 &1000 
μl (working cell diameter of 8mm and cell heights of 19.89mm, 14.92 and 9.95mm). This laboratory unit is only 
suitable for small heat loads and is used to make precise measurements on new TE fluids being developed in 
MAGENTA by using precision heat controllers and a Peltier cooling device.  The design is not practical to be 
expanded to incorporate multiple cells. For the design of the development prototype, the materials of 
construction were chosen to allow the unit to be tested in strong magnetic fields and to provide the capability 
of applying significantly higher temperature differences to the cell.  The capability of being able to readily 
reconfigure the cell to allow different cell aspect ratios and cell sizes, different cell numbers, electrode 
materials and materials of construction to be made was also a key consideration of the design.  
 
At this stage of the research program, because the high temperature stabilities of the new TE-fluids (IL-FFs) 
that are being developed are unknown, it was decided to limit the maximum upper temperature that would 
be applied to the unit.  For this reason, and also to simplify the choice of engineering materials, an upper limit 
of 250°C was chosen3.  At this temperature, readily available engineering polymers such as Teflon and PEEK 
were considered to be suitable materials of choice because both materials can be easily machined with good 
precision and are capable of operating at temperatures up to 260°C.  Both materials are also chemically inert 
and are not attacked by most solvents.  For engineering use, PEEK is the preferred material because it is less 
prone to thermal creep and deformation than Teflon under compression which can result in poor sealing and 
leakage.  PEEK was therefore chosen as the cell body material for the first prototype.  However, because of the 
modular design of the unit,  the materials can be substituted for high temperature ones later in the project as 
required, for example, commercially available low thermal conductive engineering ceramics and ceramic 
glasses such as MACOR™ can be used.  
 
Specification of Materials for First Prototype 

 Heating block:   aluminum incorporating cartridge heaters and stainless steel sheathed thermocouple. 
Cartridge heaters are constructed with non-magnetic nichrome wire resistor winding with a non-
magnetic stainless steel (304) sheath. 

 Cooling block: aluminium incorporating liquid cooling channels and stainless steel sheathed 
thermocouple.   

 Electrical connectors:  copper and brass 

 Electrodes:  expanded graphite and graphite composites (may be platinised),  platinised titanium 

 Electrode backing plate (for graphite support):  brass  

 Seals:  fluorinated silicon polymer (max. temp 240°C) 

 Connecting bolts:  non-magnetic 316 stainless steel  

 Isolation sleeves (cold side only): PVC, Teflon or ceramic (PVC is used for the first prototype demo cell) 

 Cell body and cell inserts:  PEEK (max. working  temp. 260°C)  

2. Prototype Thermocell Design 

2.1 Design considerations 

Ultimately, the requirement of the system is to generate the maximum power from an available waste heat 
source; i.e., maximize the electric current and voltage production while minimizing the thermal transfer within 
the thermoelectric cell to achieve optimal efficiency.  Previous studies4, have shown that there a number of 

                                                 
3
 List of materials considered for the test thermocell is found in Annex of this document. 

4
 Salazar et.al,  J Appl Electrochem (2014) 44:325–336 
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parameters that strongly affect the performance of TE-cells.  For the demo cell unit, in order to maximize the 
power the key parameters that need to be considered which dominate the performance of the TE-cell are:  
Ohmic resistance at the electrodes, internal resistance of the TE-fluids and the material transfer (redox 
couples) from hot to cold (or cold to hot) electrodes. The largest resistance is that of material transfer which is 
controlled by a number of diffusion factors and the cell cross sectional area (aspect ratio).  Thermal convection 
in thermoelectric cells increases the mass transfer, but also increases the heat transfer.  Thus, in order to 
increase the power, it is desirable to have large cell cross section area as well as large electrode surface area.  
However, a large cell cross section implies larger thermal conduction, combined with convection which will 
reduce the energy efficiency.  Thermal conduction by the materials of construction and thermal conduction of 
the TE-fluids therefore need to be minimized.  For the demo prototype, the working cell dimensions were 
chosen as a compromise between the two.   

An approach to a TE-cell design has been to use multiple long thin cells; however, the surface area of the 
electrodes in each tube is therefore very small.  Each of the cells must also be completely filled and sealed so 
that the TE-fluid is fully in contact with electrodes at all times.  If the cells are connected in series,  a single cell 
failure (caused by e.g. seal leakage or a void forming between the electrode surface and the fluid)  will cause 
an open circuit failure in the whole unit.    

Our design approach is a unit which can accommodate highly parallelized cells using common electrodes.  This 
greatly increases the available surface area of the electrodes to generate power.  The construction is also 
greatly simplified because only one pair of electrodes is required with a single seal on the top and bottom and 
all the cells can be filled from a common fill port.  Thermal transport by convection is also reduced because 
each cell tube is separated by insulating material reducing the formation of large convection eddies.  A further 
advantage of this design is that the risk of an open circuit failure because of a single-cell failure is negated.   
The units can be joined in either parallel or serial to increase current and/or voltage.  Examples of multiple 
single-cells design and the new parallel design are shown in Figure 2 below.   Each unit can be filled with either 
a p-type or an n-type fluid and joined electrically to form +/- pairs which can then be further expanded by 
connection in parallel or series. 

 

Figure 2: Schematic view of multiple single-cell design (left) and parallel cell design (right) and their inter-connections 

For the first prototype unit, the thermal gradient is provided by two aluminum blocks.  The “hot” side is driven 
by low voltage (24V) cartridge heaters which are connected to a commercial PID controller.  The “cold” side is 
by liquid cooling fluid connected to a circulating chiller unit with independent temperature control.  Large 
blocks are used in order to provide stable temperature profiles for the testing and characterization of the 
demo unit.   

 

2.2 Cell design and construction 

The detailed cell design was made using Solid Works.  An exploded view of the unit showing the main 
components (aluminum blocks, cell body and electrodes) and the outer cell body are shown in figures 3 and 4 
below. 
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Figure 3: Exploded view of the demo-prototype cell unit. See text for more explanation 

 
Figure 4: Outer cell-body. Inner cell bodies of varying heights and designs can be easily fitted in the central cavity. See 

Section 2.4 for further detail. 

 
Aluminum blocks: The aluminum blocks, 80x80x20mm in size, are in direct contact with the heating/cooling 
elements.  
 
Cell body: The main cell body is a two piece construction made of PEEK and consists of an outer body and an 
internal insert.  The central cell body has been designed so that different cell inserts can be fitted into the cell. 
The insert diameter is 45mm.   The outer cell body is shown in Figure 4. Two ports have been machined into 
the outer body which can be fitted with a variety of commercially available fluid handling fittings.  One port 
can be attached to a vacuum and the second port is used to introduce the sample to be tested.  A shallow 
distribution groove has been machined radially into the cell outer body, this allows the TE fluid to be 
distributed inside the cell to ensure complete filling.  The outer body also incorporates an elastomeric sealing 
ring and groove to ensure a leak proof seal between the electrode and the cell body.   Small axial and radial 
grooves on the inserts have also been added which ensure that the fluid completely fills any voids and is 
always in contact with the electrode surface.  Three cell body sizes have been made, with working cell heights 



MAGENTA – H2020 – FETPROACT-2016 
Mock-up Thermocell – Ref. D7.1 

 
MAGENTA project has received funding from the European Union’s Horizon 2020  

research and innovation programme under grant agreement No 731976. 

6 

of 10mm, 18mm and 25mm.  This allows three cell aspect ratios of 1:2.5; 1:4.5 and 1:6.25 to be investigated.  
To increase the number of “tubes” per unit in order to increase the working cell power (parallel cells) within 
each unit, inserts with multiple cell tubes with the same aspect ratio can be used.  This design helps to reduce 
the heat transfer by convection because each tube within the insert is isolated from the other tubes thermally, 
but share the common electrodes.  For the initial testing,  inserts with a 4mm-diameter single working cell 
have been used to test the prototype module and the results are reported in this deliverable report.  
 
Electrodes: For the initial testing, several electrode materials are being investigated: 
 

 Expanded graphite  -  homogeneous graphite and Teflon/graphite  composite materials ( these may 
also be treated with a platinizing solution to improve the electrochemical performance of the surface)  

 Platinized titanium ( two different types  of electrodes:  Pt/Ti and a Pt/IrO2/Ti)   
 
In order to reduce electrode resistance and to provide good sealing,  thin,  unsupported,  graphite electrodes 
with 55mm overall diameter,  have been used with thicknesses from 1 to 2mm.  The graphite materials are 
commercially available, are low cost and have excellent chemical stability.  To prevent cracking and to ensure 
even pressure is applied to the elastomeric seals, two brass backing discs are used with these electrodes.  
These also ensure that good electrical contact is made between the graphite electrode material and the 
aluminum block which acts as the electrical connection point.  It is also possible to platinize the graphite 
surface using platinum salts and thermal treatment in order to improve the electrochemical properties.   
 
The  platinized titanium electrodes are  used  as a single piece because  they are dimensionally stable (3mm 
thick) and do not require the brass backing disc.  The platinized surface layer is a low cost alternative to  pure 
platinum group metal electrodes and are commercially used in a wide variety of electrochemical processes.  
The platinized layer increases the electron transfer kinetics at the surface.  However, it is a consideration that 
although the titanium is an inert substrate, the chemical compatibility with the different TE-fluids that will be 
developed in the project will need to be assessed.   
 
Cell closure and filling: Closure of the cell is achieved by the use of stainless steel screw bolts which are 
electrically and thermally isolated by insulating inserts on the cold side of the cell.   PVC inserts have been 
used  because they offer good insulating properties.   High temperature inert, fluorinated silicone rubber seals 
have been used to seal the cell cavity.   Although stainless steel bolts are used in the first demonstration 
device, it is possible to replace these with high performance low conductivity 
 
For the this first demonstration  prototype,  filling is achieved by evacuation of the cell body and introducing 
the TE-fluid from a syringe or using a catheter from a reservoir under a positive pressure of inert gas to ensure 
that the fluid is not in contact with moisture from the atmosphere.       
 

2.4 Prototype Unit   

Construction of the first prototype units is complete.  Two sets of the prototype have been made with three 
sets of cell bodies and inserts.   
 
The images below show the main components of the prototype and the fully assembled unit together with an 
image of the units under test.   
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Figure 5: Top view: (Left) Aluminum top plate incorporating heater, thermocouple and electrical connection. (Right) 
Aluminum bottom plate incorporating liquid cooling channel, thermocouple, electrical connection and fixing bolts 

with isolating inserts. 

 

 

Figure 6: Side view of top and bottom plates 

 

Figure 7: Cell body inserts showing a single cell of 4mm diameter and a multiple cell insert with 9 cells of 4mm 
diameter and 10mm height 
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Figure 8: Outer cell body with sealing ring and fill ports with valves (10 mm height) 

 

  
 

 

Figure 9: (Left) Outer cell body, insert, seal, brass backing disc and carbon electrodes; (Right) Assembled view. 

 

 

Figure 10: (Left) Pt+IrO2 coated titanium and (Right) Platinized titanium electrodes (55 mm diameter x 3 mm thickness).   
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Figure 11: Assembled cell body 

 

Figure 12: Fully assembled unit 

 

Figure 13: Assembled prototype units under test 
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2.4 Testing of the Prototype Unit 

In order to test the functionality of the prototype unit, some basic test work has been done.  This work is on-
going and the testing will be continued throughout the next period of the project (see Section 3).    
 
Two TE-fluids have been investigated: 
1.  An aqueous n-type fluid containing a mixture of K3Fe(CN)6 and K2Fe(CN)6    
2.  An ionic liquid p-type system of ethyl-2-methylimidazolium/ bis(trifluoromethanesulfonyl)imide 
(EMIM/TFSI) containing a mixture of ferrocene (Fc) and ferrocenium (Fc+)BF4

-.   
 
These tests have been carried out in order to test: 

 Filling of the cell 

 Sealing of the cell  

 Temperature of operation and control     

 Electrode materials and  

 Electrical connectivity.     
 
Complete filling of the cell  was achieved by evacuating the cell body through one of the ports fitted with a 
stop valve.  To check that the cell was fully sealed, the cell was connected at the second port to an empty 
syringe fitted with a secondary valve which allowed any void space to be evacuated.  The vacuum stop valve 
was then closed and the cell was left for at least 10 minutes.  The vacuum was tested by attempting to pull the 
syringe plunger from the barrel.  Any leaks present allowed air into the cell and the plunger was able to be 
withdrawn.  If no leaks were evident, the syringe was filled with the TE-fluid to be tested.  In the final step, the 
cell was again fully evacuated and the vacuum stop valve was closed and the syringe valve was opened 
allowing the fluid to completely enter the cell.  The fill valves were left open and the syringe was left in place  
in order to allow the syringe  to act as a pressure relief for the cell.  The cell was then checked again for any 
visible leaks around the seals and the valve fittings.    
 
For the tests, the open circuit voltage, OCV (Open circuit voltage), was measured for each system over a range 
of thermal gradients.  The graphite electrodes were used for the aqueous system and the platinized electrodes 
were used for the ionic liquid system.  The OCV was measured using a Biologic SP-150 potentiometer which 
has a voltage resolution of 5µV.    
 
The OCV responses for the different systems were then tested.  For the aqueous system, the 10mm and 18mm 
cell bodies fitted with the single 4mm tube diameter were tested with the graphite electrodes.  For the IL-TE 
system, the 10mm cell was tested because of the limitations of the amounts of fluids available for the testing.   
 
Figure 14 shows the OCV response for the 10mm and 18mm height cells insert with the aqueous ferro/ferri 
cyanide (redox concentration 100mM each) mixture, whilst Figure 15 shows the OCV response for the 10mm 
cell with the 4mm single tube insert filled with ionic liquid EMIM/TFSI Fc/Fc+ (redox concentration 10mM 
each) mixture. The extracted TE coefficient values of -1.43 mV/K (aqueous ferro/ferricyanide) and +0.08mV/K 
(EMIM-TFSI ferrocene/ferrocenium) correspond well with those found in literature5 and the results obtained 
by partner labs (HESSO and CEA). 
 
 

 

                                                 
5
 T. J. Kang et al., Adv. Funct. Mater., (2012) 22, 477–489. 
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Figure 14: OCV response for 1.0cm and 1.8 cm height inserts (single 4mm tube diameter) with aqueous (0.1M of 

each component) ferro/ferri cyanide mixture.  

 
Figure 15: OCV response for EMIM-TFSI/Fc/Fc

+
 mixture in 1cm height cell insert with single 4mm tube diameter. 
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Observations during the initial testing of the cells highlighted some issues which will be addressed in the next 
research period of the project.   
 
The two main issues  identified were: 

1.  Sealing of the cells with the graphite electrodes and 
2. Leakage of  one of the  PEEK stop valves used for the filling and evacuation of the cell.  

 
After investigation of the first problem, it was found that the sealing issue observed occurred only when the 
graphite disc electrodes had been previously used.  The expanded graphite is designed to compress onto the 
sealing surface, thus conforming to any defects and ensuring a tight seal.  However,  the graphite has limited 
shape recovery, so once compressed it does not recover its sealing properties and any distortions  that are 
present prevent the surface from sealing correctly again if reused. This was an unforeseen problem, but was 
easily rectified by using fresh electrode discs each time the cell was sealed.  Thicker graphite sheets can also 
be used which provides greater dimensional rigidity preventing any distortion occurring under compression.   
 
Investigation of the second issue with the PEEK valve  was also carried out.  The valves that are being used are 
specified to be high performance and their construction is a PEEK body with a PTCFE rotor making them highly 
chemical resistant and rated at pressures up to 500psi.  Inspection of the leaking valve showed no evidence of 
materials damage due to contact with the TE-Fluids.  After discussion with the supplier,  the problem seems to 
be a manufacturing issue with the valve rather than an intrinsic issue with the materials chemical 
compatibility.  Replacement valves have therefore been sourced and these will be tested.   

3. Future Development  

3.1 Planned Improvements   

At this stage, the testing that has been carried out has been to verify the operation of the new demo 
prototype units and to identify any issues.  This work will now be extended over the next period in order to 
fully characterize the cell under different operating conditions using different types of thermo-electrochemical 
fluids and also with the thermo-electrochemical ferro-fluids in magnetic fields.    

Planned work for 2018: 

 Continue characterization of the cells with different TE- fluids (both p and n-type) 
o P-type:  

 DMSO with Fc/Fc+ (cheaper alternative to ILs allowing cell testing up to 190°C) 
 EMIM-TFSI with Co2+/Co3+ (higher TE voltage than Fc/Fc+) 

o N-type: 
 Aqueous Fe(CN)6 

3-/4- (to be combined with p-type TE-fluid, see below.) 
 Several ILs with negative TE voltage are being investigated by partners HESSO and 

CEA. 

 Extend the upper temperature of operation to the maximum that can be obtained for the materials of 
construction and the stable working range of the thermoelectric fluids. 

 Investigate the performance of different electrode materials, including low cost graphite and graphite 
composites and the laboratory unit using pure platinum electrodes.   

 Characterise the power generation of the cells using multiple tube-inserts. 

 Link pairs of cells with p-n type fluids. 

 Transfer a unit to CEA for testing with the thermo-electric ferrofluids in magnetic fields (up to 0.5 T) is 
planned in Feb/March 2018. 

 Manufacture cell  bodies from  high  temperature  materials  allowing  upper temperature limits of up-
to 400°C to be reached (this will be limited to the maximum temperature of stability of the thermo-
electric fluids that are being developed by the partners in the project).   
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 Investigate methods to allow better filling and sealing of the cell with pressure relief. 

4. Conclusion  

The first demo prototype cell has been designed and built.  This first unit provides a platform to test design 
concepts and materials.  The data generated from the unit will be used to inform the design of a more 
advanced unit that can be coupled to a waste energy source in order to convert some of the waste thermal 
energy into more useful electrical power.    
 
Initial testing is complete.  Some issues were identified and these have been addressed.  Further work is now 
on-going in order to provide better performance characterization of the cells.  The results of the on-going 
work will be reported during the normal reporting periodic reviews carried out through-out the project.   
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Annex 

Materials considered for prototype cell body 

MATERIAL  
Max Temp. 
Continuous 
operating °C 

Thermal 
Conductivity W/mK 

Specific Heat 
Cp kJ/kg.K NOTES/ Chemical compatibility  

PTFE  260 0.25 0.97 

Inert over temperature range to most 
chemicals, but no information 
on  stability to  IL's 

PEEK (high 
temperature 
grades)  

250 0.29 0.32 

Attacked by strong acids.    Stability data 
only available for temperatures up to 
200°C.  Compatibility to ILs requires 
testing.    

Al2O3  

1400-1600 
(depends 
upon fired 
density) 

12 (typical)  
25-35 (dense: 
depends upon final 
fired density)  

0.45 to 0.95 

Attacked by strong alkali and 
fluorides.  Porosity depends upon grade 
and fired density.   

Borosilicate 
glass 

525 1.2 0.8 
Attacked by strong alkali and 
fluorides.        

Low T  (400 
grade)   
Machinable 
glass 
ceramic                 

400 0.9 NA 
Alumino-silicate based,  inert materials 
but attacked by strong  alkali and halides 
(F-, Br-, I- ) 

Low T (600 
grade)  machina
ble glass 
ceramic                 

593 0.6 NA 
Alumino-silicate based,  inert materials 
but attacked by strong  alkali and halides 
(F-, Br-, I- ) 

High T 
machinable 
ceramic MACOR  

800 1.46 0.79 
Alumino-silicate based,  inert materials 
but attacked by strong  alkali and halides 
(F-, Br-, I- ) 

High T 
Machinable 
ceramic   PYROP
HILITE   

1100 1.5 0.8 
Alumino-silicate based,  inert materials 
but attacked by strong  alkali and halides 
(F-, Br-, I- ) 

High T 
Machinable 
ceramic 
DURATEC  

1000 0.37 ~1.0 

Calcium silicate based,  similar stability 
to alumino silicates  

Cordierite 
(steatite/mullite)   

1371 3 0.35 

Magnesiumalumino silicate type can be 
cast formed.  Very stable to thermal 
shock 

 
 


