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Abstract - In advanced thermoelectric materials the key 

aspect lies in the reduction of the thermal conductivity 

while maximizing electric carrier transport. Skutterudites, 

clathrates, Half-Heusler compounds, complex 

chalcogenides and thin-film properties are only examples 

of tracks which are taken to optimize material properties 

for thermoelectric applications.  

New in the row of the advanced materials is Ionic 

Liquids (ILs) which have been investigated regarding their 

thermoelectric properties only by a few research groups in 

the last years. ILs are organic salts that exist as liquids 

below a threshold temperature, various at room 

temperature, and constitute a new generation of solvents 

composed of 100% of cations and anions.  

The possibility to fine-tune practically all the ILs 

physiochemical properties by modifying its chemical 

structures makes IL truly designer solvents and might 

allow the optimization of the thermoelectric properties. 

Out of 15 tested off-the-shelf ILs a large range of Seebeck 

coefficients and Power outputs could be observed. 

The potential of ILs does not only lie in the promising 

thermoelectric properties; liquids could also open new 

fabrication methods regarding flexible TEG modules using 

the Solid-on-Liquids Technology.  

This paper investigates in a first part fundamental 

material studies of the promising protonic Ionic Liquid, 

Ethylammonium nitrate (EAN). In a second part, the 

integration of Ionic Liquids in a thermoelectric generator 

module is demonstrated. 

Keywords - Ionic Liquids, Thermoelectricity, Flexible TE 

modules, Low Power Generation 

I. INTRODUCTION 

Reduction of thermal conductivity of a TEG is obvious due 

to the fact that a high thermal conductivity will not allow the 

creation of a significant temperature difference at reduced 

heat-flows. By that the generator voltage is poor and a high 

number of junctions must be serially connected. Looking at 

applications, the trend goes to energy autonomous devices. 

Originally the military was demanding for solutions, but also 

space missions. Recently, modern microelectronics had a 

tremendous success in further reduction of power consumption 

of all kinds of integrated circuits, displays, CMOS devices etc. 

which allows to drive them with a low power TEG as long as 

the created voltage is sufficiently high [1]. Thermoelectric 

Generators have, (together with photovoltaic generators) no 

moving mechanical parts and no maintenance is needed within 

their lifetime. 

Conventional (Bi,Sb)2(Te,Se)3-based thermoelectric 

materials and devices report very good performances at room 

temperature [2]. However if these materials are assembled and 

series-connected as a large number of bulk elements, certain 

difficulties and limitations arise in making highly miniaturized 

and flexible modules. Flexibility is one aspect that let increase 

the field of application of a TEG, since it can be applied around 

an object that needs to be electrically powered. Trends are 

observed in using wearable generators that can make use of the 

bodies’ heat for powering biomedical devices, but also for 

consumer electronics such as bracelets for watches and 

acquisition systems for sports activities. 

For such applications high flexibility is particularly needed 

[3-6] allowing a better thermal contact to the heat source 

surface as compared to rigid systems that must be 

mechanically clamped. Therefore TEG’s technology passes 
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more and more to thin-film technology allowing serial 

connection of the junctions at low space for obtaining the 

needed system voltage. The use of (Bi,Sb)2(Te,Se)3- thin films 

allows  increasing the integration of P/N couples on a given 

surface, however the maintainable temperature difference over 

the module is limited, again, due to the high thermal 

conductivity which leads, again, to low output voltages [7].   

Due to low thermal conductivities of Ionic Liquids (e.g. 

[BMIM][BF4] λ=0.184W/mK [8]) the temperature gradient 

between hot and cold electrode is maintained and high Seebeck 

coefficients ([BMIM][BF4] S=850μV/K [18]) could be shown. 

In contrast, the electrical conductivity ([EAN][NO3] 

σ=2.82S/m [9]) is generally low as compared with solid-state 

materials. 

TEGs using ILs combined with elastic silicone-based 

substrates combine two effects: first high flexibility can be 

achieved; second, low thermal conductivity of the IL prevents 

a thermal short-circuit (see Fig. 1) and generates therefore 

enhanced voltages. In order to guarantee bubble-free 

packaging for the IL and series connection, solid on liquid 

technology will be applied [10]. 

 

Moreover, the reliability of TEG modules might be 

improved by ensuring a stable interface between the 

thermoelectric material and the electrode. The performance of 

solid-state-based TEG modules tends to degrade with thermal 

cycling as the constituent materials and the interfaces are 

exposed to large temperature gradients. This increases the 

internal resistance caused by poor contacts and micro cracks 

between a thermoelectric material and the electrode [12]. 

 

II. EXPERIMENTAL 

2.1. MEASUREMENT SETUP  

The current-voltage characteristics of the ILs of the 

generator have been performed in a specially designed test cell 

sketched in Fig. 2 [13]. The test setup consists of two thermally 

highly conductive sapphire plates that are coated with an inert 

electrode material (1µm Rhodium) that is in contact with the 

IL. Externally a 4-point configuration allows the current-

voltage-power measurements and obtaining the data of the 

Seebeck coefficient. To avoid IL losses, the cell is sealed using 

a silicone gasket (d=4mm). The aluminium bodies are 

connected with a heater (thermal resistor, Vitelec, France) and 

cooler system (Thermostat Frigiterm, J.P. Selecta S.A, 

Barcelona, Spain); the thermocouples (Type K, Jumo-

Regulations, Metz, France) are placed close to the sapphire 

plates between the IL and the heater, respectively cooler 

(Fig.2).  

 

 
Fig. 2 Experimental setup for the characterization of the 

TEGs based on ILs 

 

In order to extract a current from the TEG, redox couple 

I2/LiI was added to the IL. The thermally generated potential 

difference at the electrodes was shunted using high precision 

resistors and the output current could be determined. For 

measurements of the open circuit voltage (VOC) and the 

voltage under load, a high impedance voltmeter was used 

(Data Acquisition System 34970A and 34901A, Agilent, Santa 

Clara, CA, USA). The system is fully automatized allowing 

measuring the potential difference and the heating/cooling 

dynamics, as well as the stabilization of the measured data. 

The I-V characteristic was obtained by switching a resistance 

cascade in parallel to the test cell using the 4-probe-method. 

The resistances between 5Ω and 100MΩ have a tolerance of 

0.1%. Every 10 seconds a measurement is taken and the 

maximum errors from the measurement system are less than 1 

μV and ±1.5 K. The error in the temperature measurement due 

to thermal resistances at the contacts is not taken into account 

at this stage. The total concentration of impurities in the 

studied ILs was less than 2 % (Ionic Liquids Technologies, 

Heilbronn, Germany), and a concentration inaccuracy of the 

added redox couple of ±10 % is assumed. 

The relative Seebeck-coefficient was determined from the 

slope of the measured voltage-temperature curve as: 

 

SE = (Umax - Umin) / (ΔTmax - ΔTmin)    (1)     

 

Whereby ΔUmin is the potential difference [V] between the hot 

and cold electrode at the temperature difference ΔTmin [K] and 

ΔUmax, the potential at ΔTmax.  

One of the principle advantages for using IL in TEGs is seen 

in the unique possibility for significantly reducing the thermal 

conductivity of the active substance. In previous work [13] it 

was mentioned that the heat flow in TEG based on ILs is 

convective, hence the effective heat-conductivity must be 

 

Fig. 1: Equivalent thermal circuit of a generator with a 

thermal load [11]. A TEG with a low thermal resistance 

will short-circuit the temperature difference. 
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measured of better understanding the devices. These 

measurements have been carried out using a test cell as shown 

in Fig. 2 which was put into a vacuum system at 5 Pa pressure. 

In this case parasitic heat loss from the heater electrode 

(copper in this case) could be avoided.  

 

2.2. RESULTS AND DISCUSSION 

EAN was found to be the so far most promising IL as soon 

as 0.4 Mol/l redox couple I2/LiI is added [14]. Furthermore, 

the output-power of the TEG could be increased by heating the 

cold electrode to about 30 °C. This effect was attributed to 

thermal activation of bulk-conductivity effects, but also as 

thermal activation for enhanced electron exchange between the 

electrode and the Helmholtz layer. In Fig. 3 it can be seen that 

the current that can be extracted from a TEG, has a maximum 

at higher temperatures as the maximum power point. It is 

surprising that just not a high difference between the hot and 

the cold electrode exhibits the best working condition for an 

IL-based TEG; the cold electrode must be rather activated. 

 

Fig. 3: Mismatch between the maximum power point and 

the highest extractable current. The cold electrode must be 

“activated” [14]. 

 

In Fig. 3 the reduction of the temperature difference 

between the fixed T(hot) =58°C and the increasing variable 

T(cold) gives rise to continuous voltage reduction that has its 

impact on the power of the device. Allowing T(hot) to increase 

let match the current maximum with the power maximum. The 

effect of heating the cold electrode was further researched 

comparing the same sample under 50-30 conditions [T(hot) = 

50°C; T(cold) = 30°C] with 130-60 conditions. For 3.5 times 

increasing of the heat flow Fig. 4 shows that the electrical 

power increases 77 times.  

In a next step T(hot)-T(cold) was kept constant at 5 K and 

the hot temperature was varied starting form 20°C up to 94°C. 

The experiment was assumed getting more insight into the 

ideal working conditions of IL-based TEGs. Fig. 5 shows the 

voltage-current and Fig. 6 the voltage-power characteristics. 

 

 

Fig. 4. Comparison of the V-I-P characteristics of EAN+0.4 

Mol/L I2/LiI under 50-30 (left) and 130-60 (right). The 

power is increased 77 times. 

 

Fig. 5 V-I characteristics of EAN+0.4Mol/L redox for 

temperature differences of 5 K. 

Fig. 5 confirms the trend that current extraction needs heat; 

note the heat-flow P through the generator is defined by 

equation (2): 
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𝑃 = 𝐴 ∙  
𝜆

𝑑
∙ Δ𝑇   (2) 

 whereby, A is the surface where the IL is in contact with the 

electrode. Looking at Fig. 6 it can be observed in this 

systematics that the maximum power point is at low T(hot)-

values rather at increased voltages, whereas at increased 

T(hot)-values it is shifted to lower voltages. 

 

Fig. 6: Voltage-Power characteristics of the TEG from Fig. 

5. Note the Maximum Power point is shifted to lower 

voltages as soon as T(hot) is increased. 

 

 

Fig. 7: Link between the internal resistance calculated from 

Ri=V(MPP)/I(MPP) and the maximum power output and 

T(hot). 

 

Looking at Fig. 5 and 6, it is obvious that the power follows 

the current as soon as T(hot) is increasing. However, the open 

circuit voltage is decreasing. Looking at solid-state devices, 

the voltage depends rather exclusively from the temperature 

difference. Fig. 8 evaluates the Seebeck coefficient for the 

series of the measurements from figures 5, 6 and 7. 

 
Fig. 8: Despite the constant temperature difference (5 K), 

the Seebeck coefficient (VOC / T(hot)-T(cold)) decreases 

with increasing T(hot). Repeated measurements of the point 

30-25 were not reproduced, probably due to different 

electrode coverage.  

 

The effect observed in Fig 8 is surprising and a model 

explaining this observation is needed. There are two 

mechanisms that could explain the phenomenon: 

1. Due to enhanced T(hot) and T(cold) the thermally 

selective carrier attachment at the electrodes is 

reduced due to modified Helmholtz-layer / electrode 

interaction. 

2. Due to the fact that the cells of the generator have 

rather a large diameter (A = 176.7 mm2) at low 

thickness (d = 4 mm), the heat transport is highly 

convective. Enhanced convective flow at globally 

higher temperatures (T(hot) and T(cold)) increases 

the apparent total heat conductivity, leading to a 

reduced temperature difference in the vicinity of the 

liquid-electrode interface, and by that to a reduced 

VOC and Seebeck coefficient.  

In order to find an explanation, the apparent heat conductivity 

(consisting of laminar and turbulent contribution) was 

measured. The cell of Fig.2 was equipped with a high heat-

capacity copper electrode and put into a vacuum system to 

avoid unwanted parasitic heat losses. For this experiment, the 

Copper-body was heated up; after switching off the heater the 

stored thermal energy was released via the sample into the 

cooled Al body. For verification, the experiment was carried 

out only using the Copper/Sapphire/Sapphire/Aluminum stack 

0.45

0.5

0.55

0.6

0.65

0 20 40 60 80 100

S
ee

b
ec

k 
co

ef
fi

ci
en

t 
[m

V
/K

]

temperature of hot electrode [°C]

Seebeck coefficients DV/DT for 

T(hot)-T(cold)= 5 K  EAN+0.4 Mol/L Redox
T(hot): variable



Uhl et al. (2016) Potential of Thermoelectric Generators based on Ionic Liquids  

47 Journal of Energy Challenges and Mechanic ©2016  
 

and the sample arrangement without IL in the reservoir. The 

results of the measurements are summarized in Fig. 9. 

 
Fig. 9: Heat transport experiments using three different 

configurations. The middle curve represents the sample that 

is loaded with EAN+redox. 

 

As assumed the left graph show the strongest decay (linear); 

the transport is dominated by the 3 interfaces (Cu/sappire, 

sapphire/sapphire, sapphire/Al) the total conductivity is 20 

times smaller as Sapphire 42 W/(mK). The upper curve 

represents the unloaded sample holder with an apparent heat 

conductivity of =0.355 W/(mK). The IL loaded sample 

indicates two slightly different regimes (modified slopes); the 

one between 80°C and 50°C is more pronounced (= 0.713 

W/(mK)),  as compared to the one between 50°C to 30 °K (= 

0.555 W/(mK)). The measurement of the heat conductivity 

could support model 2, but does not exclude model 1. 

III. APPLICATION 

3.1. DESIGN AND FABRICATION OF SERIAL CONNECTED 

THERMOPILES 

The proposed TEG (Fig.10) comprises a flexible Silicone 

substrate (e.g. Polydimethylsiloxane (PDMS), thickness range 

0.25-3.2mm) and a plasma bonded thin polymer film (e.g. 

Mylar®, thickness range 0.36-0.75μm) on both sides, which 

contain the electrode pattern for the serial connection of the IL 

cells. PDMS is suitable due to its chemical inertness, flexibility 

and low heat-conductivity (λ=0.15 W/(mK)), avoiding 

parasitic heat-flow through the generator. Looking at Fig. 9 

typical heat-flows through an EAN TEG are less than λ=0.5 

W/(mK)). Furthermore, plasma assisted bonding together with 

Solid on liquid deposition [10] allow a perfect bubble-free 

hermetic sealing. A first prototype of 34 serial-connected cells 

is represented in Fig. 10.  

 

 

 

 

Fig. 10: TEG module (1.5x1.5cm) with 34-serial 

connected IL-cells based on a Silicone substrate. 

 

In the following, a schematic representation of the 

fabrication steps is shown in figure 11. The polymer foil is 

structured by Laser (Laser Nanoseconde, Type Nd:YAG 

Fresco-Ultra, Fab. Coherent, spot size 20μm) and partially 

masked with blue tape (I), see Fig. 12. The holes have a 

diameter of 0.3mm and the masked area corresponds to the 

electrode pattern (Ø1.2mm, track width 0.8mm, track length 

13 mm) which is coated with Rhodium in a later step. (II) In a 

plasma enhanced chemical vapor deposition process (PECVD), 

a SiOx layer is deposited with a gradually changing 

composition, starting with an inorganic SiO2 layer (ratio 2 

O2/HMDSO) and ending with an organic composition (ratio 

15 O2/HMDSO). This adhesion layer is necessary to reach a 

strong bond between the polymer foils and the silicone 

substrate by plasma bonding. The area for the metal electrodes 

are spared because of the adhesion properties. The electrode 

pattern is coated in a physical vapor deposition (PVD) process 

and the thickness of the rhodium layer is 500nm (V), see Fig. 

13. The mask is subsequently lifted off and the patterned 

polymer foils are plasma bonded (N2 10 Pa, 50W/40sec, curing 

2h/60°C) to the Polydimethylsiloxane (PDMS) substrate on 

both sides (VII). Before filling the cavities, the surfaces are 

activated with an argon plasma for a good wettability (Ar 10 

Pa, 20W/60sec). The masked device is placed in a vacuum 

chamber together with a reservoir of IL which is tilted to pour 

the liquid over the cavity inlets (Fig. 14). By setting the sample 

again under ambient pressure, the cavities are filled with the 

ionic liquid, see Fig. 15 and 16. The same procedure is 

repeated for the opposite side with the second Ionic Liquid 

(Fig. 17).    
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Fig. 11: (I), (II) and (III) Polymer foil and mask is structured 

by Laser to coat the SiOx adhesion layer; (IV), (V) and (VI) 

Subsequently the electrode pattern for the serial connection 

of the cells are coated by PVD; (VII) on both sides of a laser 

structured PDMS substrate, a patterned polymer foil is 

plasma bonded; (VIII) the cavities are filled under vacuum 

and the liquid is encapsulated.  

 

  
Fig. 12: Mylar Foil 

structured by laser and 

masked with bluetape  

Fig. 13: Rhodium 

electrodes, deposited by 

sputtering; layer thickness 

500nm  

 
Fig. 14: Vacuum filling technique for cavities: Liquid is 

applied in the reservoir (right side) and the substrate is tilted 

after applying the vacuum. The liquid flows through a 

narrow channel over the inlets of the cavities (left side) and 

after a complete coverage, the sample is set again under 

ambient pressure. While cycling the pressure, residual air 

bubbles in the cavities are degased and the cavities are 

completely filled with IL.  

 

 

Fig. 15: left: unfilled cavity (hole diameter 0.3mm); right: 

IL-filled cavity 

 

  

Fig. 16: TEG module filled 

from one side with ionic liquid 

(e.g. p-equivalent type of IL) 

Fig. 17: TEG module is 

turned and filled with the 

second IL (e.g. n-equivalent 

type) 

 

 

3.2. CHARACTERISATION OF THERMOPILE  

The characterization of the prototype was made in the setup 

described above, to determine the total Seebeck coefficient and 

of 34 serial-connected IL cells. As shown in previous work 

[18], IL with positive and negative Seebeck coefficients could 

be found. EAN+ 0.2 Mol/l I2/LiI has a positive coefficient and 

17 cells have been filled with and the residual 17cells with 

Methyl-3-propyl iodide (PMIM I) with 0.2Mol/l I2 (negative 

coefficient). 

In a former material study, the two ILs have been characterized 

with the following Seebeck Coefficents:  

EAN + I2/LiI 0.2 Mol/l    SE= 629μV/K 

PMIM I + I2 0.2 Mol/l     SE= -56μV//K 

(I) 

(II) 

(III) 

(IV) 

(V) 

(VI) 

(VII) 

(VIII) 

 Polymer 
foil   Mask I  
SiOx 
 Mask II  
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Theoretically, the TEG module should therefore have a total 

Seebeck Coefficient of: 

SE_total=17 x 629μV/K – 17 x (-56μV/K) 

           = 11.6mV/K 

The determined Seebeck Coefficient was 9.24mV/K. 

The difference might be explained by a locally lacking thermal 

contact when heating/cooling the 34 cells.  

 
Fig.18: Prototype with 34 serial-connected cells (ΔT=37K); 

Ethylammonium nitrate with 0.2Mol/l I2/LiI and 1-Methyl-

3-propyl iodide (PMIM I) with 0.2Mol/l I2 

 

Looking at the power output of the device, one can observe 

a pounced mismatch between the properties of the liquids with 

positive and negative Seebeck coefficients (Fig. 19); the liquid 

PMIM I has a high cell resistance and limits therefore the 

current extraction [18]. Further material research has to be 

done to find or design an Ionic Liquids with a negative 

Seebeck Coefficient and the ability of a high carrier extraction. 

Fig. 18 and Fig. 19 illustrate the mismatch in detail. 

 

Fig. 19: V-I-P characteristics of the negative SE-partner in 

the thermoelectric module. These properties limit the 

overall performance of the EAN part. 

IV. CONCLUSION 

Ionic liquids are interesting candidates as thermoelectric 

materials because their thermal conductivity is 5 to ten times 

smaller as compared to solid-state materials. This is a typical 

property of liquids in general. A high thermal conductivity 

means that for a given heat-flow only a small temperature 

difference can be generated across the material ending in 

strongly reduced generator voltages. Ionic liquids present a 

large new variety of substances, creating space for 

optimization and new developments. It is concluded in this 

paper that the current is the principal remaining bottleneck for 

further conversion efficiency increase. One way out is given 

by further optimizing redox couples that allow in a cyclic 

process carrier exchange with the electrodes at low energy. A 

further way out is just heating of the entire device; heating 

overcomes the activation energy for increasing the bulk 

conductivity and for carrier exchange between the liquid and 

the electrodes. It was found that an increase of the heat-flow 

of 3.5 times lead to an increase of the electrical power of 77 

times.  

An issue is the encapsulation of the ILs. The advantage of 

choosing liquids in combination with polymers appears to be 

ideal looking at manufacturing of highly flexible generators; 

however long-term sealing and bubble-free packaging is not 

straightforward. In this paper the first result on a successfully 

serial connected IL-based TEG is presented, whereby all 

process steps could be solved. ILs exhibit positive and 

negative Seebeck coefficients; this is principally favorable for 

obtaining higher voltages, however at present the values of the 

internal resistance negative SE ILs are by far too high and more 

effort must be done in order to “match” them with positive SE 

ILs. 
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