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Temperature gradients are generated by the sun and a vast array of technologies and can 

induce molecular concentration gradients in solutions via thermodiffusion (Soret effect). For ions, 

this leads to a thermovoltage that is determined by the thermal gradient ΔT across the electrolyte, 

together with the ionic Seebeck coefficient α i. So far, redox-free electrolytes have not been explored 

in thermoelectric applications due to a lack of strategy to harvest the energy from the Soret effect. 

Here, we demonstrate the conversion of heat into stored charge via the ionic Soret effect in an Ionic 

Thermoelectric Supercapacitor (ITESC), thus providing a new means to harvest energy from 

intermittent heat sources. We show that the stored electrical energy of the ITESC is proportional to 

(ΔTα i)2 and that its α i reaches beyond 10 mV/K. The resulting ITESC can convert and store several 

thousand times more energy as compared to a traditional thermoelectric generator connected in 

series with a supercapacitor.  

  

INTRODUCTION 

Various thermoelectric concepts are currently under investigation for conversion of thermal 

energy into electrical energy, with the goal to provide efficient thermoelectric systems. First, electronic 

charge carriers in a conductor thermodiffuse when subjected to a temperature gradient, which leads 

to a thermovoltage known as the Seebeck voltage. Thermoelectric generators (TEGs) that utilize the 

Seebeck effect are typically composed of semi-metals [1, 2], inorganic semiconductors [3, 4], and 

electronically conducting polymers have also recently been explored [5]. Secondly, thermovoltages can 

originate from the thermogalvanic effect, which results from temperature-dependent entropy changes 

during electron transfer between a redox molecule and an electrode [6]. Hence, thermogalvanic cells 

are based on electrolytes with redox couples, such as ferricyanide/ferrocyanide. The Soret effect [7] 

of redox free electrolyte, i.e. from ionic charge carriers constitute yet a third thermoelectric concept 

that, to the best of our knowledge, has not previously been considered for energy harvesting. 

Analogous to the electronic Seebeck effect, the Soret effect is a result of thermo-diffusion of ions in an 

ionic solid [8, 9] or electrolyte [10]. This produces an ionic concentration gradient and a corresponding 

thermo-voltage that is governed by the temperature difference across the material and the ionic 

Seebeck coefficient α i.  
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For a traditional thermoelectric leg, composed of a semiconductor and two metal contacts, a 

constant electrical power can be provided to an external load by imposing a temperature gradient 

along the metal-semiconductor-metal stack. The same harvesting principle is, however, not directly 

applicable if the semiconductor is replaced by an electrolyte solution with ions as charge carriers. The 

reason for this is that the thermo-diffused ions are blocked at the surface of the metal electrode and 

cannot pass through the external circuit. Instead, the ions will be accumulated in excess at the metal 

surface where they form an electric double layer capacitor (EDLC) [11]. Our novel approach utilizes this 

EDLC principle and harvest energy from the ionic thermoelectric effect by charging and discharging 

carbon nanotube super-capacitor electrodes. The resulting device is here referred to as an ionic 

thermoelectric supercapacitor (ITESC). In addition to demonstrating and characterizing this novel 

concept, we compare the characteristics of the ITESC with those obtained for a traditional electronic 

thermoelectric generator (TEG) coupled to a supercapacitor (SC).  

 

RESULTS 

1. Thermoelectric characterization of PEO-NaOH.  

We choose a low molecular weight PEO ended with alcohol groups (Mw=400g/mol) as the 

electrolyte, because it is non-volatile and can withstand relatively high temperatures (<120 ̊C). The 

facilitated thermoelectric effect is stable since there is no solvent evaporation and degradation for 

large ∆T over long period of times. We added NaOH to the liquid PEO (C(NaOH)=0.75mM) to transform 

the terminating alcohol groups (-C-OH) into anionic alkoxide end-groups (-C-O-Na+). [12] Nuclear 

magnetic resonance (1H-NMR) and Fourier Transform Infrared Spectroscopy (FTIR) confirm that the 

reaction has occurred (fig. S1 and S2 in supplementary information 1). The resulting electrolyte is 

composed of polymeric anions that are very weakly mobile and mobile Na+ cations.  The ionic 

conductivity measured by impedance spectroscopy is 8.13×10-5S/cm at room temperature and the 

activation energy for the ionic transport is 476meV (see supplementary information 2). We investigate 

the thermoelectric properties of the PEO-NaOH solution. The thermoelectric liquid is injected into a 

small cylindrical chamber (1mm thick, diameter of 10mm). Planar Au electrodes are evaporated on 

both sides of the chamber and are in direct contact with the polymer electrolyte (fig.1a). In order to 

monitor the temperature difference between the two electrodes, we fabricated thermistors under the 

electrodes (details are provided in supplementary information 3). At any given ∆T, the corresponding 
Soret-induced open voltage can be obtained.  This is exemplified in Fig. 1b during heating one side of 

the device while cooling of the other side. The thermovoltage induced by different ∆T was investigated 

in the temperature range between 25 C̊ and 35 ̊C. For each ∆T, the voltage was measured 5min after 

stabilization. The results are presented in Fig. 1c and demonstrate that Vthermo varies linearly with ∆T. 

The slope of the linear fit gives an ionic Seebeck coefficient of +11.1 mV/K for the PEO-NaOH electrolyte. 

The thermovoltage originates from non-compensated thermodiffusion of cations and anions, with an 

overall sodium cation accumulation at the cold electrode, as expected since alkoxylate and carboxylate 

anions are mostly immobile. The magnitude of the ionic Seebeck coefficient is remarkably high. Indeed 

for Na+ in a diluted aqueous solution, the heat of transport Q* is about 3 kJ/mol, [13] giving an expected 

Seebeck coefficient of αNa+=Q* /Na|e|T=0.1mV/K, where Na is the Avogadro number and |e| is the 



charge of an electron. This is 100 times smaller than what is found for the PEO-NaOH electrolyte. The 

Born model [14] allows a first estimate of the heat of transport [15] and the thermopower. [16] In this 

model, the square of the dielectric constant of the medium is inversely proportional to the Seebeck 

coefficient. Although the static dielectric constant of PEO (ε0=36.1 at 20°C) is lower than that of water 

(ε0=80.6 at 20°C), its temperature variation (dε/dT=0.02) is negligible compared to water (dε/dT=0.49). 

As a result of those compensating effects, we conclude that the large difference in the thermovoltage 

of Na+ in water and in PEO cannot be attributed to the difference in dielectric constant (see 

supplementary information 4).  Thermodiffusion is a complex process that also involves the interaction 

and entropy change between the solvent and the ions.[17] The complexity is not reduced with the 

presence of polymer chains. For instance, ions in polyelectrolyte and salt solution are expected to have 

a Soret coefficient 100 times larger than a salt solution without polyelectrolyte. [18] This could be one 

origin for the large ionic Seebeck coefficient measured for PEO-NaOH. Other reports also indicate large 

thermoelectric coefficients for polymer electrolyte membranes, from few mV/K to around 500 mV/K 

[19]. Aside from the major ionic Seebeck voltage, there may be another minor contribution due to a 

thermogalvanic voltage associated with the Faradic process involved in the leakage current [20]. 

Regardless of reason, it is clear that ionic polymer solutions can provide remarkably high Seebeck 

coefficients, and relatively low thermal conductivity of 0.216 wm-1k-1, as measured by the 3-omega 

method (see supplementary information 5), which may be found useful in various applications. 

The Au electrodes of the device can be functionalized with self-assembled multi-wall carbon 

nanotubes to form a supercapacitor (fig. 1a) (CNT, detailed preparation protocols are provided in the 

supplementary information 6). CNTs self-assembled onto the Au-contact provide intercalation of 

electrolyte components, thus providing a relatively much higher capacitance value over a projected 

area unit. Both Au and CNT electrodes are electrochemically stable over a potential window much 

wider than what is measured from the induced thermovoltage, which means that no Faradic processes 

related to electrode deterioration are involved in the ITESC measurements. Similar saturation of Vthermo 

vs. time (inset fig. 1b) and evolution of Vthermo vs. ∆T (fig.1c) are obtained using both Au and CNT 
electrodes, which indicates that the nature of the electrodes does not play a role and that the 

thermovoltage is an intrinsic property of the polymer electrolyte. 

 

2. Capacitance properties characterization  

Carbon nanotube films have previously shown to be suitable as electrodes in 

supercapacitors,[21] primarily due to their large surface area [22]. Application of a voltage over the 

PEO-NaOH capacitor induces migration of the cations towards the negatively charged CNT electrode, 

at which an electric double layer (EDL) is formed (illustrated in fig 2a). We compare the electrical 

characteristics of three devices that are based on the same polymer electrolyte PEO-NaOH, but with 

different electrodes: two different amounts of CNT assembled onto Au electrodes (we define them as 

thick and thin CNT electrodes) and the bare gold electrode. Before exploring the effect of a thermal 

gradient, we characterize the capacitors electrically (at 22°C) by impedance spectroscopy and cyclic-

voltammetry.  



With impedance spectroscopy, an alternating voltage Vac(f)= 5 mV is applied across the 

electrolyte-based supercapacitors, the polarization characteristics of the electrolyte strongly depend 

on the frequency (f) [23, 24] and the total complex impedance ZTot(f) is measured. Fig. 2b shows Nyquist 

plots, i.e. the real ZRe(f) vs. the imaginary Z Im(f) part of the impedance of the device with Au, thin and 

thick CNT electrodes, in the frequency ranging from 0.001Hz to 100kHz (without any DC bias). As shown, 

all the Nyquist plots consist of two distinct parts including a distorted semicircle at the high frequency 

region and a sloped line in the low frequency region. The x-intercept in the Nyquist plots represents 

the equivalent series resistance (Rs), which corresponds to the electrolyte solution resistance. Rs is 

almost identical for the different devices and is about 1.5kΩ. Also, the presence of a semicircle 

indicates that an additional resistive element (Rp) acts in parallel and it is associated to a low-frequency 

leakage resistance (see equivalent circuit in the inset of fig. 2). The equivalent circuit parameters (table 

1) have been obtained by fitting the experimental Nyquist spectra. For the Au electrodes, the 

capacitance is around 5μFcm-2, which is typical of EDLCs [25]. Because of the extremely high effective 

surface area of the CNT electrode networks (≈120-430m2g-1) [26], the specific capacitance is typically 

larger than for a planar metal electrode [19] and reaches in our case 1.03mFcm-2 for the thick CNT 

electrodes and 0.48mF cm-2 for the thin electrodes. 

Typical cyclic voltammetry (CV) characteristics of the different devices are presented in Fig 2c 

for the same scan rate (dV/dt=10mV/s). The devices exhibited a near-ideal rectangular shape, 

indicating purely capacitive behavior. The amplitude of the current is proportional to the capacitance 

of the electrodes (I=-CdV/dt): small for Au and large for CNT electrodes. The capacitance of the thick 

CNT electrode is estimated to about 0.95mFcm-2; while for the thin CNT electrodes it is about 

0.48mFcm-2. This is consistent with the result from the impedance measurements. 

The charge and discharge characteristics of the SCs are studied by electric potential static 

charge-discharge measurements (Fig. 2d). For the charging procedure, a power supply, R load and SCs 

are connected in series, and the voltage across R load is recorded. Around 5 min after the recorded 

voltage stabilizes, the power supply is replaced by a short at those two electrodes, and the discharging 

current is obtained by recording the voltage drop over R load. The device is charged with a constant 

potential of 50mV. Two measurements with different charging times are shown in the graph, indicating 

that the discharging curve does not change for prolonged charging times. This means that the stable 

leakage current, which is most likely a Faradic current between the electrode and the electrolyte, does 

not contribute to the accumulated charge on the CNT electrodes. In other words, the amount of charge 

transferred to and stored in the capacitor will always be less than the calculated charge using Q=CV load, 

since a part of the charging voltage is lost across R load even at full charging. We infer that this leakage 

current is related to the parallel resistance (Rp) in the equivalent circuit. After charging, the stored 

charge may gradually vanish due to self-discharging. We investigate this by measuring the decay of the 

open voltage (without connecting R load) in Fig. S7 (see supplementary information 7). The device with 

thick CNT electrodes provides significantly better charge retention than the device with thin CNT 

electrodes. For this reason, we choose to focus the rest of the investigation on the PEO-NaOH based 

supercapacitor with thick CNT electrodes.    

 



3. Demonstration of the ionic thermoelectric supercapacitor 

 We now demonstrate the first ITESC, by combining the promising thermoelectric 

properties of the PEO-NaOH solution and the high capacitive performance of the device when 

sandwiched by CNT-Au electrodes. The ionic thermoelectric effect will act as an internal electric 

generator that can charge the EDLC of the supercapacitor. In brief, the ITESC concept is based on the 

following expected mechanisms. (i) First, a ∆T is applied over the electrode-electrolyte-electrode stack 

to induce a thermovoltage Vthermo=α i∆T. (ii) By connecting an external load resistance (R load), the ionic 

thermovoltage is used to charge the supercapacitor. (iii) After charging, R load is disconnected (open 

circuit) and the heater is switched off. In this step, the thermovoltage should decay to zero, such that 

the open circuit potential is governed only by the voltage drop (of opposite sign) induced by stored 

charge. (iv) Finally, the device can be discharged by connecting the ITESC stack to an external circuit 

including R load. 

We demonstrate the ITESC concept in Fig 3a. (i) First, a ∆T of 16 K is established across our 

device while Vthermo is recorded. As expected, Vthermo increases during heating until it reaches a stable 

thermovoltage of around 180mV. (ii) Next, R load (100kΩ)  is connected and the voltage across it (V load) 

is recorded. V load decreases rapidly and reaches a stable value around 50mV. This is the charging curve 

of the device. The decrease of V load during charging is attributed to charge being transferred to the 

capacitor, which induces a potential of opposite sign that compensates the thermovoltage. The 

residual voltage is related to the electronic leakage current, which results in a non-zero voltage drop 

over R load also after full charging. Hence, the effective charging voltage (Veffective) is reduced from 180 

mV by 50 mV to around 130 mV. The predicted Veffective can also be estimated from Vthermo (1-

R load/(R load+ Rp+ Rs)), which with the values in table 1 for the thick CNT electrodes gives Veffective=150mV, 

which is close to the measured value.  

We compare the charging behavior of the ITESC exposed to a varied temperature gradient 

versus charging achieved by applying an external voltage source (blue curve in fig 2b). The two charging 

curves, obtained by varying the voltage versus changing the ∆T, overlays perfectly with each other.  

The good agreement between the two curves indicates that the two charging methods have almost 

the same charging behavior. This means that the thermoelectric effect for ΔT (Taverage) is equivalent to 

an internal electric generator (V=α i∆T). Additional results comparing electrical and thermoelectric 

charging are provided in the Supporting Information 8 (fig. S8a). (iii) After completed charging, the 

heating is turned off and the circuit is kept open. As the thermovoltage decays, the recorded Vthermo 

decreases to negative values, which infers that charges have indeed been transferred to the CNT 

electrodes by ITESC. (iv) The final part of the curve in Fig 3b demonstrates that the supercapacitor is 

able to discharge and provide useful energy to a load, as evaluated in more detail below. As expected, 

repeating the ITESC experiment for a device with Au electrodes instead of CNT electrodes do not 

provide any measurable charging or discharging (fig. S8b). Repeating the ITESC process over multiple 

cycles produces highly reproducible charge-discharge current evolutions (Fig S9). This demonstrates 

not only the stability of the device but also its true potential for harvesting electricity from intermittent 

heat sources.  

 



4. Evaluation of charge transfer during charging and discharging 

During the charging step, the thermoelectric charging of the ITESC shows very similar output 

current through R load as for electric charging of the supercapacitor at a voltage equals to the 

thermovoltage, and both charging principles also lead to the same level of leakage current. We 

therefore propose that the ITESC can effectively be described by an equivalent circuit that is similar to 

electrical charging (Fig. 3b), where the voltage source is equivalent to the thermovoltage, and the rest 

is composed of a load resistance and a sub-circuit corresponding to the supercapacitor (as derived in 

section 2). During charging, the generator provides a thermovoltage α i∆T, while the capacitor will be 

shorted before discharging takes place. We stress that this equivalent circuit does not describe the 

complete ITESC circuit, for which the voltage drop over the capacitor in fact starts at α i∆T and 

decreases during charging, but it is implemented to describe the effective voltage that goes into 

charging of the supercapacitor. The time constant for charging in this equivalent circuit is

, and we use 5τ as charging time when calculating the stored charge in the capacitor 

(more details can be found in supplementary information 10). 

The amount of charge transferred to the capacitor is calculated by integrating the current 

flowing through the capacitor (Icapacitor) during charging or discharging. In turn, these current is 

obtained by measuring the voltage over the R load and by subtracting the time-dependent leakage 

current (I leakage), which does not contribute to the charging process. We estimate the leakage current 

from the voltage drop over the capacitor (Vcapacitor= ΔTα i -V load-Vs) divided by Rp and Vs is the voltage 

drop over the internal series resistance. In first approximation, Rs is negligible compared to R load, such 

that the transferred charge is: 

 (1) 

Figure 3c shows the calculated charge stored for different ∆T during charging. Because 

Qcharging=CVeffective at full charging, and Veffective= ΔTα i (1-R load/(R load+ Rp+ Rs)), the charge is expected to 

be linearly proportional to the temperature gradient according to:  

    (2) 

Figure 3c shows that the amount of charge increases approximately linearly with ∆T with a slope of 8.3

×10-6 C/K. This is of close to 8.8×10-6 C/K, as predicted by equation 2. Similarly, the charge transferred 

during discharging also increases with ∆T, although the trend is less clear and there is a larger spread 

in the values. Notably, there is an apparent loss for the charge transferred during discharging 

compared to charging. This can be attributed to self-discharge during the time teq of temperature 

equilibration (step iii in Fig. 3a, see supplementary information7). The loss in stored charge during teq 

can fully explain why Qdischarge is lower than Qcharge in the ITESC measurements (Fig. 3a and 3b). Based 

on multiple measurements with similar equilibration times (teq=550s-650s), the ratio β=Qdischarge/ 

Qcharge upon TE charging at 50 mV (∆T= 4.5°C) was measured to be around 27% (table 2). Almost the 

same value of β (approximately 28%) is measured when the same supercapacitor is instead electrically 
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charged (ΔT=0) at Taverage and when the discharge is triggered 600s after charging. If the discharging is 

triggered directly after electrical charging (within 1s), the self-discharge has a minor effect and β 
reaches values as high as 94%. We note that because the ITESC principle requires a waiting step 

between charging and discharging, future devices with lower self-discharge should provide better 

ratios. 

 

5. Stored charge and energy 

Fig. 4a shows Qcharging (black squares) and the energy (red dots) transferred to the capacitor 

during charging (the current curves plotted versus time are provided in Fig. S10 in supplementary 

information 11). Qcharging is relatively insensitive to R load for values up to around 20kΩ, after which it 

decreases as R load becomes comparable to Rp. Note that for R load values close to Rs, the accurate 

expression of Veffective =ΔTα i(1-(R load+Rs)/(R load+Rp+Rs)). The experimental results can be accurately 

expressed by Qcharging=CVeffective (dashed black line), where C is the surface capacitance (1.03mF/cm2). 

The measured energy stored per area in the capacitor is 1.35μJ cm-2 for ΔT=4.5K and R load <20kΩ, but 
decreases for large R load (red dot). This evolution is also in agreement with the theoretical prediction 

(dashed red line) (Ec=1/2Qcharging
2/C).  

The energy per area is found to increase quadratically with the applied temperature gradient, 

approximately as E= ½C(ΔTα i)2. In an ITESC, the stored electrical energy can be expressed as a function 

of the Seebeck coefficient of the electrolyte. This expression can be further revised for a realistic device 

with a leakage current as E=½C(ΔTα i-Vs-V load)2. The latter overlaps the experimental data perfectly (Fig. 

4b). Also, the experimental values for the ITESC are close to the experimental data (blue open triangle 

in fig. 4b) obtained for a circuit made of the SC (ΔT=0) and a power supply providing a voltage equal to 

the thermovoltage (so called electrical charging). The latter fits the theoretical expression E= ½CV2. 

The extrapolated energy density for ΔT=10K is 33.8kJ/kg (9.4Wh/kg). Importantly, the energy density 

for large temperature gradients can be high, because the ionic thermovoltage of the polymer 

electrolyte system is exceptionally large. For the sake of comparison, Li-polymer batteries have an 

energy density of about 200Wh/kg. [24] Hence, in principle, the ionic thermoelectric effect of polymer 

electrolytes can be used to charge partially any type of supercapacitors or batteries. 

In order to pinpoint the unique feature of the ITESC, we now compare its electrical 

characteristics with that predicted for a single leg thermoelectric generator (TEG) based on Bi2Te3 

connected in series to the supercapacitor (SC). Since the Seebeck coefficient of Bi2Te3 (190μV/K) [1] is 

more than 50 times lower than PEO-NaOH (11.1mV/K), the resulting energy stored would be 2500 

times lower (Fig. 4c). Hence, the ITESC is a very attractive solution compared to existing state-of-the-

art technology when it comes to harvesting and storing electricity from an intermittent heat source.  

 We evaluate the efficiency η of the ITESC in converting heat to electricity; which is defined as 

η=Eout/Q in, i.e. the ratio between the electrical energy that is generated and stored in the ITESC from 

the charging (Eout) and the total heat absorbed over one full ITESC cycle (Q in). The dominant term is 

the thermal energy passing through the device during the time needed for the ions to slowly 

thermodiffuse and establish a stable Vopen (tst) (interval (i) in Fig. 3a). The efficiency for a full cycle 



reaches 6× 10-6 % at low R load and ∆T=4.5 K. Note that, if we consider only the heat to electricity 

conversion during the charging interval (integrating over the interval (ii) in Fig. 3a, i.e not over the full 

cycle), the “peak” efficiency of the measured devices reaches about 5× 10-4 % for ∆T=4.5 K. In the 

supporting information, we show that the total efficiency η can reach about 0.1% through the 

optimization of the device’s architecture and the use of a large temperature gradient ∆T=100 K. We 

stress that the efficiency is 2500 times higher than that of a circuit composed of a SC connected in 

series with a conventional TEG.  

We have demonstrated for the first time that the Soret effect in a polymer electrolyte leads to 

significant ionic thermoelectric effect that could be used to charge a supercapacitor. The presented 

ITESC device requires a fluctuation in the applied temperature gradient to function, which makes the 

concept suitable for intermittent heat sources, such as the sun. We discuss potential improvements of 

the ITESC concept, and predict the heat-to-electricity charging conversion efficiency to be able to 

improve if good thermoelectric electrolytes are designed with low specific heat capacitance, low 

thermal conductivity, large Seebeck coefficient and high ionic conductivity. Importantly, all materials 

constituting the ITESC (polymer and inorganic salts) are fully compatible with industry processing. 

Beside this first proof of concept, much more research and technology development are required to 

truly investigate the potential of the ITESC. 

 

Methods 

Materials. Polyethylene oxide (PEO, Mw: 400g/mol) is purchased from Fluka and used as received. 

Sodium hydroxide (NaOH), sodium hydride (NaH) and multi-walled carbon nanotube (m-CNTs, 

diameter: 5-9nm, length: 5µm) are purchased from Sigma-Aldrich. 

Characterization. The effective capacitance and phase angle of PEO-NaOH is measured by impedance 

spectrometer (an Alpha high-resolution dielectric analyzer, Novocontrol Technologies GmbH, 

Hundsangen, Germany). The ac voltage 5 mV is applied while sweeping the frequency from 1×105Hz 

to 1×10-2Hz. The effective capacitance per area is calculated the capacitive reactance (Xc=-ZIm) via 

Ceff(f)=[2πfXc(f)A]-1, where A is the surface area of the electrodes with disregard to their porosity, while 

the frequency-dependent phase angle (φ(f)) was obtained from the real and the imaginary parts of the 

impedance via φ(f)=tan-1(Z Im/ZRe). 

The cyclic voltammetry was carried out using a µAutolab potentiostat (Eco Chemie, Utrecht, 

Netherlands) in the potential range of 0-0.2V at a scan rate of 10mVs-1. 

 Thermo power measurements are carried out by sandwiching the samples by a pair of partier element. 

Voltage difference (ΔV) between two electrodes is recorded by a nanovoltmeter (Keithley Instruments, 

Inc., model 1282A). ΔV is averaged by reversing the polarity of each Seebeck measurement to eliminate 

the unipolar and off-set voltages. Temperature difference (ΔT) between two electrodes is measured 

using two thermistor beneath the Au electrodes used to measure the thermo-voltage. The two 

thermistors are made of narrow and thin Au lines vacuum deposited on the glass substrate. The 

thermistor are deposited with a 1 µm thick Si3N4 before the evaporation of the top Au electrode, and 



calibrated in a climate chamber. The Seebeck coefficient is defined as α = ΔV/ΔT-αAu. The Seebeck 

coefficient and conductivity are measured at 21oC.  

The thermal conductivity of PEO-NaOH solution is measured using the differential 3ω-method, 

explained in more details in the supplementary information. A sinusoidal input current of tunable 

frequency ω, generated from an arbitrary waveform generator (AFG3000 from Tektronix), is applied 

to an   insulated narrow metal heater with the liquid in the cavity on top. The third harmonic 

component 3ω of the voltage at the terminals of heater is measured with a lock-in amplifier (Stanford 

Research SR850). The reference measurement is performed inside cryogenic probe station from Janis 

under vacuum and the measurements with cavity filled with a liquid are performed in ambient 

environment   at a temperature of 22°C.  

 

Device Fabrication. A glass substrate is patterned with two Au thermistors (10µm width) by thermal 

evaporation and photolithography. Then 1µm thick Si3N4 is deposited by CVD as an insulation layer. 

And two round Au electrodes are patterned by thermal evaporation (10mm diameter). 

Both the prepared glass substrate and PDMS (1mm thickness) are exposed in UV plasma for 3 mins, 

then contacted and baked at 70 ̊C in oven for 10mins, then a cavity of 0.0785cm3 is obtained. 

PEO-NaOH solution with concentration of 3wt % is prepared and stirred before use. The solution is 

then injected into the chamber.  

For devices with CNT electrodes, two electrodes (Au thermal evaporated) are UV plasma treated for 

3min, and then drop-casting certain amount of CNT aqueous solution (0.1%). After the solution is dry, 

rinse the electrode with acetone and water, dry them by nitrogen gun. 
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HO-(CH2-CH2-O)n-OH + 2NaOH→-O-(CH2-CH2-O)n--O- +2Na+ + H2O 
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Figure 1 | Thermoelectric properties of PEO-NaOH solution. 

a, Sketch of the ionic thermoelectric supercapacitor device (left) with two different electrodes (right, 

Au and CNT), and the reaction that takes place in the solution. b, Measured Vthermo and ∆T during 

heating using Au electrode, and the inset shows the measured Vthermo during heating using either Au 

or CNT electrodes. c, Vthermo at different ∆T using Au electrodes (red open squares) and CNT electrodes 

(black solid squares). For each point, ∆T is fixed until Vthermo was stable for at least 5 minutes. The slope 

of the linear fit to the data for the Au electrodes gives a Seebeck coefficient of 11.1 mV/K.  
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Figure 2 | Capacitance property of NaOH-PEO with CNT electrode. 

a, Illustration of the electric double layer (EDL) formed in CNT eletrodes. b, Nyquist plot for devices 

with Au, thin CNT and thick CNT electrodes in the frequency range of 100 kHz to 1 mHz. The inset 

shows the simulated equivalent circuit: Rp: resistance connected parallel to the capacitance that is 

associated with the leakage current; Rs: resistance connected series which represents the internal 

resistance of the device; C: the capacitance. c, CV curves of devices with the three different types of 

electrodes, measured at 10 mVs-1. d, Potential static electric charging and discharging of a device with 

thick CNT electrodes (R load=50kΩ). All measurements are conducted at room temperature.  
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 Au Thin CNT Thick CNT 

Capacitance (μF cm-2) 5.1 484 1031 

Rs (Series resistance Ω) 1622 1545 1605 

Rp(Parallel resistance Ω) 2.95ⅹ105 4.88ⅹ105 5.04ⅹ105 

Table 1 |The parameters in equivalent circuit. 
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Figure 3 | Charging and discharging of ITESC. 

a, Measured voltage curve (black) and mechanism sketch of a full charge and discharge cycle: (i) 

establishing the temperature gradient (∆T=16 K) leads to an ionic thermovoltage, (ii) thermoelectric 

charging of the supercapacitor (the superimposed curve in blue corresponds to the electric charging 

of the same device upon applying an electric potential equals to the thermo-voltage value), (iii) 

equilibration to ∆T=0, and (iv) discharging (both with R load = 100 KΩ). The inset shows the circuits used 

for charging and discharging. b, The equivalent circuit of charging and discharging process of ITESC. c, 

The amount of charge transferred to or from the capacitor during charging (black squares) and 

discharging (red circles) at different ∆T (R load = 100 KΩ). The teq between charging and discharging was 

400 -1200s.  
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Qdischarging/ 

Qcharging 

94.2% 28.3% 27.4% 

Table 2 |The amount of charge transferred to or from the capacitor during charging or discharging, 

for electric (Electric-SC) and thermoelectric (ITESC) charging for thick CNT capacitors (Vcharging= 50 mV). 
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Figure 4 | Energy stored in the ITESC.  

a, The amount of charge stored and electrical energy stored in the capacitor during charging for 

different R load (ΔT = 4.5 K), the two dashed line represent the calculated value of the charge (black) and 

energy (red), respectively. b, Energy density versus ΔT for ITESC (red open circles), electric charging 

(blue open squares) and the theoretical prediction from Vthermo (dashed red line), Velectric (dashed blue 

line), and Veffective (dashed and dot black line). c, Energy density versus ΔT for ITESC, both experimental 

data (red open dot) and theoretical result (red dashed line), and theoretical prediction for the same SC 

charged by one leg of Bi2Te3 TEG  (black dashed-dotted line). 

 

 

       

c 



1 

 

Ionic Thermoelectric Supercapacitor  

Dan Zhao, Hui Wang, Zia Ulla Khan, Jincan Chen*, Roger Gabrielsson, Magnus P. Jonsson, Magnus Berggren 

and Xavier Crispin 

Department of Science and Technology,  

Campus Norrköping, Linköping University, 

S-60174 Norrköping, Sweden,  

* Department of Physics, Xiamen University, People’s Republic of China  

 

Supplementary Information includes: 

1.  Chemical characterization of the PEO-NaOH electrolyte 

2.  Ionic Conductivity of the PEO-NaOH electrolyte 

3.  Fabrication and calibration of the reference electrodes 

4.  Effect of the dielectric constant on the Seebeck coefficient 

5.  Thermal conductivity measurement 

6.  Preparation of self-assembled CNT electrode on Au 

7.  Self-discharge of devices using both thick and thin CNT electrodes 

8.  Charging current comparison and control measurement using Au electrodes 

9. Full mathematical framework to describe the equivalent circuit 

10. Charging current 

11. Efficiency 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 

 

1: Chemical characterization of the PEO-NaOH electrolyte 

a) NMR characterization of the PEO-NaOH electrolyte 

Proton nuclear magnetic resonance 1H spectra were recorded on Varian (300 MHz) spectrometer. 

The deuterated solvent was used as internal standard for DMSO-d6 (1H, δ = 2.50) were used as 
reference. [1] The NMR FID files were analyzed with MestReNova-9.1.0. All PEO samples were 

analyzed from 15% (w/w) PEO/DMSO-d6. 

Table S1 below summarizes the 1H-NMR characterization of the different PEO-Na+ complexes 

(entry A-D in Table S1) from the 1H-NMR spectra’s (Figure S1). The region between 3.3 ppm and 

3.6 ppm are related to hydrogen atoms that are belonging to the (-0-CH2-CH2-) polymer chains; 

while the region at 4.55ppm is identified as hydrogen atom belonging to alcohol end groups for the 
low molecular weight PEO. The degree of substitution (DS) of the PEO with alcohol end group is 

about 9%. The significant amount of alcohol groups is a key feature of this liquid polymer. The 

addition of 3% (w/w) of NaOH (~ 3 mol eq.) to the PEO-400 at rt. (entry B in Table S1) gives a 58% 
conversion of the alcohol groups -CH2-OH to alkoxide groups -CH2-O-Na+ through a condensation 

of water. Heating the same solution to 70 °C for two hours shifts this equilibrium by removal of 

water to reach a 77% conversion of alcohol protons to sodium ions (entry C in Table S1). Similar 

results, with metal ions (K+ and Na+) transfer ratio (mol%) from solid alkali metal salts of different 
anions to PEO-400 have been reported by others. [2] To further investigate the role of the anion 

transfer process on the degree of conversion of protons in PEO-400 to sodium ions, we added NaH 

(3% w/w, ~ 6 mol eq.) to the PEG-400. The resulting solution showed an almost complete 

conversion of the protons to sodium ions (entry D in Table S1). The 1H-NMR spectra in figure S1 

also show the characteristic peak shifts for the remaining PEO-400 protons, moving from 4.5 ppm 
in pure PEO-400 to almost 5.5 in PEG/NaH due to PEO-O•••H•••O-PEO interactions, an effect 

usually seen in DMSO-d6. Although not shown, the 1H-NMR reveals a new contribution at 8.5 ppm 

upon the addition of NaOH and NaH to PEO, which is attributed to aldehyde groups emerging from 

the further oxidation of alkoxide groups. 

 

Table. S1 The composition of different PEO-Na+ complex. 

Entry Solution composition Peak areas –

OH/OCH2CH2 

DSa PEG-[OH]x [ONa]y 

     
 A  Pure PEG 1/22 9.1 100% 
B PEG, NaOH (3% w/w) 1/52 3.8 PEG-[OH]0.42[ONa]0.58 
C PEG, NaOH (3% w/w), 70 

°C, 2h 
1/80 2.5 PEG-[OH]0.23[ONa]0.77 

D PEG, NaH (3% w/w) 1/778 0.26 PEG-[OH]0.03[ONa]0.97 
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Fig. S1 1H-NMR spectras of A) Pure PEO, B) PEO-NaOH (3% w/w), PEO-NaOH (3% w/w), 70 °C, 2h, D) 
PEO-NaH (3% w/w) 

 

b) FTIR characterization of the PEO-NaOH electrolyte 

The FTIR (Fourier Transform Infrared Spectroscopy) spectrometer Equinox 55 from Bruker with the 

ATR (Attenuated Total Reflection) accessory A 225 having diamond crystal was used for studying the 

absorption of PEO and PEO-NaOH in the range of 400-4000 cm-1. A drop of liquid material was placed 

on top of the diamond crystal and the measurements were run with 1 cm-1 increment for full range 

(400-4000 cm-1) with 20 scans each time.  

The FTIR spectra of pure PEO (Mw=400 g/mol) is compared with that of the PEO-NaOH that is used for 

the ITESC in the main text (Fig. S2). The PEO sample displays the same features as previously reported 

in the range 1400-1000 cm-1 [3]. As indicated by 1H-NMR; alcohols end moieties are in significant 

amount and clearly visible by the peak at 3450 cm-1 associated to OH stretching (black curve). Possible 

residual water might also contribute (green curve). Adding the NaOH leads to a decrease of that alcohol 

–CH2-OH stretching peak around 3400 cm-1, which is associated to the formation of alkoxide –CH2-O-

Na+: the proton of the alcohol group is removed by adding base. To further verify the result, we 

substitute NaOH to a stronger base, NaH, which possess higher deprotonating ability. From the result, 

it is clearly that the peak at 3450 cm-1 decrease even more which means most of the proton of the 

alcohol groups is almost totally removed by the base. 
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Note also that the presence of a small signal at 1650 cm-1 growing upon NaOH and NaH addition is 

attributed to C=O stretching in an aldehyde. This is supported by the presence of the 1H-NMR 

contribution at 8 ppm appearing also upon the addition of NaOH and NaH. Alcohol groups in PEO 

treated in harsh basic environment are known to be transformed from alkoxides to carboxylates (likely 

through an aldehyde intermediate) [4]. The contribution at 1750 cm-1 emerging upon the addition of 

extra water (green curve) is attributed to the creation of carboxylate groups [4]. In the PEO-NaOH 

electrolyte used in the ITESC device, the presence of carboxylate is vanishingly small.  

4000 3000 2000 1000

A
 (

a
.u

.)

Wavenumber (cm-1)

PEO400

PEO-NaOH

PEO-NaH

PEO-NaOH(H
2
O)

  

Fig. S2 ATR spectra of PEO (black), PEO-NaOH (70 ̊C, red), PEO-NaH (blue) and PEO-NaOH (green) with 

a drop of water in the range 400-4000 cm-1. 

 

2: Ionic Conductivity of the PEO-NaOH electrolyte 

Dielectric Spectroscopy is a powerful tool for characterizing the electrical and dielectric properties of 

liquids [5]. Three liquid materials (water, PEO, PEO-NaOH) were characterized inside a standard cell 

BDS1308 using the Impedance Spectrometer from Novocontrol in the frequency range of 0.1Hz to 

10MHz with an input signal of 5mVrms. The measurements were carried out inside a climate chamber 

where the temperature was raised from 20 to 80 ̊C with in steps of 10 ̊C.  

The Cole-Cole plots of the imaginary (Z´´) and the real part (Z´) of the impedance resemble typical 

parallel combinations of a resistor and capacitor (Fig. S3). The ionic conductivity was calculated from 

the first intercept of the high frequency semi-circle, where the response is fully resistive. It can be seen 

that the semicircle becomes smaller (the intercept is at a lower Z´) as the temperature rises, indicating 

an increase in the ionic conductivity of the media. For the PEO-NaOH mixture, the bulk conductivity 
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increases from 7.56E-05 S/cm at 20 ̊C to 1.96E-03 S/cm at 80 ̊C and from the Arrhenius plot, the 

activation energy was calculated to be 476 m eV for the PEO-NaOH mixture. 

a)  b)  

  
c)  d)  

 
 

Fig. S3 Cole-Cole plot for (a) water (reference), (b) PEO and (c) PEO-NaOH. (d) The ionic conductivity 

in PEO-NaOH versus temperature (the inset is with other axis scale: log σ vs. 1000/T). 
 

3: Fabrication and calibration of the reference electrodes 

The two thermistors of the device consist of gold lines patterned on the substrate (10µm wide, 700mm 

long), and insulated from the top electrode with a thin (100nm) silicon nitride layer (1000nm). For 

calibration, the complete device with two thermistors is placed inside a climate chamber, and the two 

resistors (R1 and R2) are measured with four-point probes method using Keithley 2400 at different 

temperature. Temperature is set at 20, 25, 30, 35, 40 C̊, each for 20 min until the resistance keep 

constant. Fig. S4 shows the slope of the two curves are 88.8 Ω/K and 84.9 Ω/K, which promise an 

accurate conversion between resistance and temperature. Temperature difference ΔT=T1-T2 between 

the electrodes during Seebeck measurement are subsequently estimated by measuring the resistance 

of the thermistors.  



6 

 

20 25 30 35 40

60000

64000

68000

72000

76000

R
e
s
is

ta
n
c
e
 (

Ω
)

T (°C)

Thermistor 1

Thermistor 2

 

Fig. S4 Calibration curves as the resistance versus temperature for the reference electrodes. 

 

4: Effect of the dielectric constant on the Seebeck coefficient 

One question raised in the manuscript was about the effect of the dielectric constant on the heat of 

transport and Seebeck coefficient of ions. Indeed, the heat of transport of ions is known in aqueous 

solution  [6, 7] but not in PEO. A first indication can be found by using the Born model. In this model, 

the heat of transport and thus the Seebeck coefficient due to one type of ions is related to both the 

dielectric constant ε and the variation in dielectric constant as a function of temperature (dε/dT) is 

related to the Seebeck co-efficient as:[8]  𝑆𝑆 ∝ 𝑑𝑑𝑑𝑑𝑑𝑑2𝑑𝑑𝑑𝑑 (1) 

 

Where ε is the complex dielectric constant of the medium and T is the temperature.    

From the impedance data presented above (see Fig. S3) and the geometry of the cell, the real (έ) and 

imaginary (ε´´) parts of the dielectric constants were calculated using[9]: 𝑑𝑑′ =
𝑍𝑍′′ 𝐿𝐿

2𝜋𝜋𝜋𝜋𝑑𝑑0𝐴𝐴𝑍𝑍2 

 

(2) 

𝑑𝑑′′ =
𝑍𝑍′ 𝐿𝐿

2𝜋𝜋𝜋𝜋𝑑𝑑0𝐴𝐴𝑍𝑍2 (3) 

Where L is the length of the cell; A is the area of each electrode; Z´, Z´´, Z are the real, imaginary and 

absolute values of the impedances; f is the frequency of the applied voltage; and ε0 is the permittivity 

of free space (8.85E-12 F/m).  

Fig. S5 displays the real part of the dielectric constant or relative permittivity (έ) versus frequency for 

deionized water (reference) and PEO. The dielectric constant is huge at low frequency due to the 

formation of electric double layers with the metal electrodes [10]. At high frequency, such 

phenomenon is absent and the real part of the impedance reaches a constant value from which we 
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extract the static dielectric constant as έ at 1MHz. In order to check our set-up, we first consider DI 

water as reference. The measured value of the static dielectric constant was 80.6 at 20ᴼC (Fig. S5a) 

which is very close to the reported value of έ (1MHz)=80.1 at the same temperature for pure water 

[11]. With the same cell, we characterized the PEO liquid (Fig. S5b) and the PEO-NaOH electrolyte (Fig. 

S5c) and found έ (1MHz) =36.1 and 42.5 respectively. We measured the properties at various 

temperatures and plotted the static dielectric constant versus temperature (Fig. S5d). The slope (dέ/dT) 

for PEO is very small (0.02 K-1) compared to that of water (0.497 K-1). Hence, all in all, one can calculate 

the product [dέ/dT]/( έ2) (Table 2). According to Born’s model, the heat of transport (and Seebeck 

contribution) by changing from water to PEO should be lower by 5 times. But we measure on the 
contrary a huge thermovoltage in PEO that cannot obviously be coming from a dielectric effect.  

a)  b)  

  

c)  d)  

 
 

Fig. S5 Real part of the dielectric function as a function of frequency for (a) water, (b) PEO, (c) PEO-

NaOH at different temperatures. (d) Static dielectric constant έ (1MHz) vs. temperature for the three 

liquids. 

 

 

Table 2: The static dielectric constant έ of water, PEO, PEO-NaOH and their temperature dependency 

Material έ  at 20ᴼC dέ/dT (K-1) [dέ/dT]/( έ2) (K-1) 

Water 80.6 -0.497 -7.65E-5 

PEO 36.1 -0.02 -1.54E-5 

PEO-NaOH 42.5 -0.081 -4.5E-5 
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5: Thermal conductivity measurement 

The thermal conductivity of PEO-NaOH was measured by the three omega (3ω) method. We briefly 
describe the principle of this electrical method. The 3ω method was initially reported by D.G. Cahill et 

al. for the thermal conductivity measurement of amorphous materials[12]. A sinusoidal input current 

at frequency ω causes joule heating in the metal heater, which is in intimate contact with the 

substrate/material of choice. This causes a fluctuation in the resistance of the metal line at 2ω, which 

results in a voltage component modulated at 3ω at the terminals of the heater.  

The temperature rise (∆T) at the heater is given by[13]: 

∆𝑑𝑑 =  
𝑃𝑃𝜋𝜋𝜋𝜋𝜋𝜋� 𝑆𝑆𝑆𝑆𝑆𝑆2(𝑘𝑘𝑘𝑘)

(𝑘𝑘𝑘𝑘)2(𝑘𝑘2 + 𝑞𝑞2)1 2⁄∞

0 𝑑𝑑𝑘𝑘  (4) 

Where P, λ are the power input and the thermal conductivity, and l and b are the length and the half-

width of heater, respectively. The thermal penetration depth (1/q) is defined as[12]: 

1𝑞𝑞 = � 𝜋𝜋𝑆𝑆2𝜔𝜔𝜔𝜔𝐶𝐶𝑝𝑝 = � 𝐷𝐷𝑆𝑆2𝜔𝜔 (5) 

 

Where 𝜔𝜔, 𝐶𝐶𝑝𝑝 and D stand for density, specific heat and thermal diffusivity, respectively. As the thermal 

penetration depth is inversely proportional to the frequency of the input current, it is always necessary 

to check that the thermal wave remains well within the material at the lowest applied frequency to 

avoid scattering at the gas-sample boundary. 

D.G. Cahill simplified the equation as[9]: ∆𝑑𝑑 =  
𝑃𝑃𝜋𝜋𝜋𝜋𝜋𝜋 �12 𝜋𝜋𝑆𝑆 𝐷𝐷𝑟𝑟2 + 𝜋𝜋𝑆𝑆2− 0.5772− 1

2
𝜋𝜋𝑆𝑆(2𝜔𝜔)− 𝑆𝑆𝜋𝜋

4
�  (6) 

 

Dong-Wook Oh et al.[11] utilized another device architecture designed for the thermal conductivity 

measurement of liquid samples. We have been inspired by this approach and used it to measure the 

thermal conductivity of PEO-NaOH solution. The liquid material is filling a plastic cavity designed right 

above the metal heater deposited on a glass substrate. The temperature oscillation of the heater (∆𝑑𝑑𝑓𝑓 

) due to the heat transport into liquid material in the cavity can be estimated by subtracting the effect 

of the substrate as follows[11]:  

1∆𝑑𝑑𝑠𝑠+𝑓𝑓 =
1∆𝑑𝑑𝑠𝑠 +

1∆𝑑𝑑𝑓𝑓 (7) 

 

Where ∆𝑑𝑑𝑠𝑠 is temperature oscillation only with glass and the insulation layer with empty cavity, ∆𝑑𝑑𝑠𝑠+𝑓𝑓  

is the temperature oscillation of the heater with glass substrate and filled cavity; while ∆𝑑𝑑𝑓𝑓  is the 

calculated temperature oscillation due to the heat transported only into the material in the cavity. ∆𝑑𝑑𝑓𝑓 

is used to calculate the thermal conductivity of the PEO-NaOH  under study. 
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We here describe briefly the fabrication and the dimension of the Au heater on the glass substrate. 

The glass substrate was coated with 15 nm chrome (Cr) and 140 nm gold (Au) and patterned by 

photolithography to get a 3 mm long and 20 µm wide Au line (the heater-thermometer). This metal 

line was then insulated with a 2 µm thick UV cured SU8 layer. The metal heater-thermometer was first 

calibrated inside a climate chamber by varying the temperature from 20 C̊ to 50 ̊C. Then in order to 

measure∆𝑑𝑑𝑠𝑠, the glass sample with insulation and empty cavity was placed inside a vacuum cryogenic 

probe station (Janis Research) to avoid gas convection effect.  An input AC current was applied from a 

waveform generator (3022C Tektronix) and the 3ω voltage was measured by a Lock-in Amplifier (SR850 
Stanford Research) with a precision difference amplifier AD8279 for signal conditioning. The measured 

3ω voltage was translated to ∆𝑑𝑑𝑠𝑠 by[14]: ∆𝑑𝑑𝑠𝑠 = 2
𝑉𝑉3𝜔𝜔𝐼𝐼 𝜕𝜕𝑑𝑑𝜕𝜕𝜕𝜕 (8) 

 

The results of ∆𝑑𝑑 vs. ln2ω are plotted in Fig. S6 for empty and the cavity filled with different materials. 

All the 3ω measurements were carried out with the same input current for the same frequency range. 

The cavity was 1 cm tall and it was filled with 2 mL of liquid in each case. It can be seen in all 

measurements that the total temperature oscillation ∆𝑑𝑑𝑠𝑠+𝑓𝑓  is smaller than ∆𝑑𝑑𝑠𝑠 since part of the heat 

generated by the heater penetrates into the solution. The temperature oscillation ∆𝑑𝑑𝑓𝑓 due to the heat 

propagated into solution only was calculated using equation (8) and the thermal conductivity was 

calculated from a linear fit of ∆𝑑𝑑𝑓𝑓 vs. ln2ω. The validity and accuracy of our experimental setup was 

first tested with known materials (DI water and ethylene glycol (EG)). Two measurements were carried 

out by filling the cavity with water and then with ethylene glycol (EG). The measured values of the 
thermal conductivities of 0.632 Wm-1K-1 (water) and 0.272 Wm-1K-1 (EG) are in agreement with the 
reported values of 0.6 Wm-1K-1 and 0.27 Wm-1K-1 [11]. Hence, the measurement setup was trustable 

with an uncertainty of ±5%. Finally, the cavity was filled with PEO and then with PEO-NaOH and the 

calculated thermal conductivities were 0.191 Wm-1K-1 and 0.216 Wm-1K-1, respectively.     

a)  

 

b)  
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6: Preparation of self-assembled CNT electrode on Au 

CNT was dispersed in water to form a 0.1 % concentration solution, and exposed to ultrasonic treating 

for 30 min. The Au electrodes were pretreated by UV plasma for 3 min, and placed on a hot plate set 

at 105 ̊C. Next, a certain amount of CNT solution is dipped on Au electrode during heating (30 µL for 

thin CNT electrodes, and 60 µL for thick CNT electrodes). After water evaporation, the CNT attached 

to the surface of Au due to hydrophobic forces between the two. The prepared electrodes were rinsed 

by acetone and water before use. 

 

7:  Self-discharge of devices using both thick and thin CNT electrodes 

The self-discharge is investigated in detail by monitoring the open voltage (Vopen) of the capacitors after 

electrical charging. As shown in fig S7, devices with thin and thick CNT electrodes are charged 

electrically at three different potentials (50 mV, 100 mV and 150 mV). Next, the circuit is cut and Vopen 

is recorded versus time. Initially, Vopen decreases rapidly, especially for the devices with thin CNT 

eletrodes.  And the inset figure shows that for the same electrodes, the decay rate of different charging 

potential are similar. 

The electrically charged SCs, which could be discharged directly (time=1 s) after charging, provide 

Qdischarge/Qcharge of 94% and 83% for the thick and thin CNT electrode devices, respectively (see table 
1). However, if discharging is triggered after a time equal to the equilibration time teq, i.e. accounting 

for the self-discharge, this gives Qdischarge/Qcharge of 28% (thick CNT electrodes), which is very close to 

the measured 27% in the ITEC. Since the thick CNT electrode possess more compensate charge during 

charging, it needs longer time for self-discharge. This explains why the delay curve is sharper for the 

thin electrode than the thick CNT electrode.  

 

Fig. S6   (a) Sample structure,  (b) Temperature oscillation on the gold (Au) heater. Empty symbols 

are for the in phase and filled symbols are for the out of phase components of ΔT. 
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Fig. S7 Decay of Vopen after electrical charging at 0.15 V (blue), 0.10 V (red) and 0.05 V (black), for 
supercapacitors based on thin (dashed lines) and thick (solid lines) CNT electrodes. 

 

8: Charging current comparison and control measurement using Au electrodes. 

The charging current is measured for both electric and thermoelectric charging. For thermoelectric 

charging, ∆T=4.5 K gives a Vthermo of 0.05 V. After Vthermo has stabilized, the load resistance is connected. 

For electric charging, the charging potential is set the same as Vthermo for thermoelectric charging (0.05 
V). The device is placed in a climate chamber to keep the same temperature as 𝑑𝑑𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

𝑇𝑇ℎ𝑜𝑜𝑜𝑜+𝑇𝑇𝑐𝑐𝑜𝑜𝑐𝑐𝑐𝑐2 . 

From the results shown in fig. S8 a, the charging behavior and leakage current of the two methods are 

almost the same.  

Fig. S8 b shows the charging and discharging performance of a device with Au electrodes (no CNTs). 

After connecting R load, Vthermo drops immediately because of the small capacitance. Because there are 

no compensate charges on the electrodes, Vthermo tends to first approach its original value and then 

decrease to zero when R load is disconnected and the heat is turned off. 
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Fig. S8  (a) Comparison between electric and thermoelectric charging current for different R load. (b) 

Charging and discharging measurement using Au electrodes. 

 

9: Full mathematical framework to describe the equivalent circuit 

According to the equivalent circuit, the charging electric current 𝐼𝐼(𝑞𝑞𝑐𝑐ℎ =
𝑑𝑑𝑞𝑞𝑐𝑐ℎ(𝑡𝑡)𝑑𝑑𝑡𝑡 ) and the discharging 

electric current 𝐼𝐼(𝑞𝑞𝑑𝑑𝑑𝑑𝑠𝑠) = − 𝑑𝑑𝑞𝑞𝑐𝑐𝑑𝑑𝑑𝑑(𝑡𝑡)𝑑𝑑𝑡𝑡 = −𝐶𝐶 𝑑𝑑𝑉𝑉𝑐𝑐𝑑𝑑𝑑𝑑(𝑡𝑡)𝑑𝑑𝑡𝑡  can be calculated from the following equations: 

( ) ( ) ( )
( ) [1 ]ch s load ch

s load i

P

dq t R R q t
R R T

dt R C
α+

+ + + = ∆                                                        (1) 

From Eq. (1), we can obtain  

a 

b 
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1 1
( ) (0)exp{ [ ]}

( )

/ ( ) 1 1
1 exp{ [ ]}

1 1 ( )
( )

ch ch

s load P

i s load

s load P

s load P

q t q t
C R R CR

T R R
t

C R R CR

C R R CR

α

= − +
+

 ∆ +
+ − − + + +

+

  Eq. 2a 

 𝜏𝜏 =
𝐶𝐶(𝑅𝑅𝑑𝑑+𝑅𝑅𝑐𝑐𝑜𝑜𝑙𝑙𝑐𝑐)𝑅𝑅𝑝𝑝𝑅𝑅𝑑𝑑+𝑅𝑅𝑐𝑐𝑜𝑜𝑙𝑙𝑐𝑐+𝑅𝑅𝑝𝑝 , when ( )

P s load
R R R>> + , ( )

s load
C R Rτ = + . Eq. 2b 

( ) (0)exp( / ) [1 exp( / )]ch ch iq t q t C T tτ α τ≈ − + ∆ − −    Eq. 2c 

In the experimental charging and discharging processes, t  is finite. (0) 0chq > except for the first 

charging process. (0)chq is dependent on the time of the charging and discharging processes. We take 

5 times of τ as the charging and discharging time, for during this period, 99% of the charge has been 
transferred.     

 

10: Charging current 

The voltage across R load is measured for different R load, and the charging current is obtained by 𝐼𝐼 =𝑉𝑉𝑅𝑅𝑐𝑐𝑜𝑜𝑙𝑙𝑐𝑐 . To calculate the amount of charge and energy stored in the device, the curve of the current is 

integrated for the charging period. For each R load, the complete charging time is considered as 5 times 
of the time constant (τ).  
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Fig. S9 Current generated during charging for serious R load, plotted with time. 

 

11: Efficiency 



14 

 

Heat-to-electricity charging conversion efficiency  

We evaluate the efficiency of the ITESC in converting heat to electricity through the charging 

efficiency. The charging efficiency is defined as the ratio between the electrical energy that is 

generated and stored in the ITESC from the charging (Eout, term A below) and the total heat that is 

required to achieve that storage and hence, the total heat absorbed over one full ITESC cycle (Q in). 

Experimentally, A is measured as the integrated current through R load minus the leakage current during 

charging (step ii in Fig 3a), 
12𝐶𝐶 (∫ 𝐼𝐼𝑐𝑐ℎ𝑑𝑑𝑑𝑑)𝑡𝑡𝑐𝑐ℎ0 2

. Term A can also be calculated from the measured device 

capacitance and the effective charging voltage as 
12𝐶𝐶[Δ𝑑𝑑αi − 𝑉𝑉𝑙𝑙𝑙𝑙𝑎𝑎𝑑𝑑 − 𝑉𝑉𝑠𝑠]2. 

𝜂𝜂 =
𝐸𝐸𝑙𝑙𝑜𝑜𝑡𝑡𝑄𝑄𝑑𝑑𝑖𝑖 =

1
2
𝐶𝐶[Δ𝑑𝑑αi − 𝑉𝑉𝑙𝑙𝑙𝑙𝑎𝑎𝑑𝑑 − 𝑉𝑉𝑠𝑠]2

1
2
𝑚𝑚𝐶𝐶ℎ∆𝑑𝑑 + 𝜅𝜅 𝐴𝐴𝐿𝐿 ∫ ∆𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑𝑜𝑜0 + 𝜅𝜅 𝐴𝐴𝐿𝐿 ∫ ∆𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑐𝑐ℎ𝑡𝑡𝑑𝑑𝑜𝑜 − 1

4
𝜕𝜕𝑠𝑠𝐶𝐶(Δ𝑑𝑑αi − 𝑉𝑉𝑙𝑙𝑙𝑙𝑎𝑎𝑑𝑑 − 𝑉𝑉𝑠𝑠)2𝜕𝜕𝑙𝑙𝑙𝑙𝑎𝑎𝑑𝑑 + 𝐶𝐶𝑑𝑑ℎ𝛼𝛼𝑑𝑑2𝛥𝛥𝑑𝑑 

         =
𝐴𝐴𝐵𝐵+𝐶𝐶1+𝐶𝐶2+𝐷𝐷+𝐸𝐸                                          (3) 

Q in has several types of contribution. First, 
12𝑚𝑚𝐶𝐶ℎ∆𝑑𝑑 (term B) is the heat absorbed by the PEO-

NaOH electrolyte (mass m=9.4×10-2gr, specific heat Ch= 2.13 Jg-1K-1 (from the datasheet of DOW 

chemical company) upon increasing the average temperature of the electrolyte (note that the mass of 

the electrodes is negligible ~10-6gr compared to the mass of PEO-NaOH). Second, the Fourier 

contribution  𝜅𝜅 𝐴𝐴𝐿𝐿 ∫ ∆𝑑𝑑𝑑𝑑𝑑𝑑𝑡𝑡𝑑𝑑𝑜𝑜0  (term C1) corresponds to the heat flow during the time to establish the 

steady-state thermovoltage (step i in Fig. 3a) and the term C2 is the heat flow during charging. The 

thermal conductivity κ of PEO-NaOH is 0.21Wm-1K-1. Third, the Joule effect (term D), equal to 14 𝑅𝑅𝑑𝑑𝑅𝑅𝑝𝑝𝐶𝐶(Δ𝑇𝑇αi−𝑉𝑉𝑐𝑐𝑜𝑜𝑙𝑙𝑐𝑐−𝑉𝑉𝑑𝑑)2
(𝑅𝑅𝑐𝑐𝑜𝑜𝑙𝑙𝑐𝑐+𝑅𝑅𝑑𝑑)(𝑅𝑅𝑐𝑐𝑜𝑜𝑙𝑙𝑐𝑐+𝑅𝑅𝑑𝑑+𝑅𝑅𝑝𝑝)

 , will bring back part of the energy and lower the absorbed heat. 

Experimentally, we measure term E as  
12𝜕𝜕𝑠𝑠 ∫ 𝐼𝐼𝑐𝑐ℎ2 𝑑𝑑𝑑𝑑𝑡𝑡𝑐𝑐ℎ0  , where Rs is the internal resistance of the ITESC 

and Ich is the charging current equals to I load-I leakage. Finally, the ionic current also lead to a small Peltier 

heat contribution 𝐶𝐶𝑑𝑑ℎ𝛼𝛼𝑑𝑑2𝛥𝛥𝑑𝑑 measured as 𝛼𝛼𝑑𝑑𝑑𝑑ℎ ∫ 𝐼𝐼𝑐𝑐ℎ𝑑𝑑𝑑𝑑𝑡𝑡𝑐𝑐ℎ0  (term E). The charging efficiency for different 

R load is shown in Fig. S11 a (symbols are from the current measurement and lines are from calculation) 

for ∆T=4.5 K and reaches 6× 10-6 % at low R load.  

We compare the efficiency of the ITESC with that of a circuit composed of a SC connected in 

series with a conventional TEG. In that case, we take a TEG of the same area and volume as the ITESC 
but made of Bi2Te3 and submitted to ∆T=4.5K. Using the same heat power for ITESC, we have 

measured the time needed to establish a constant open circuit potential (tst) for the Bi2Te3 leg to be 

10 times lower than for the ITESC of the same dimension. This time tst for Bi2Te3 is limited by the heat 

diffusion; while for the ITESC tst is limited by the ionic thermodiffusion (slower than the heat diffusion). 

Using the material properties of Bi2Te3 (Ch= 0.153Jg-1K-1, m=0.60g, κ=1.2Wm-1K-1), we calculate the 

new terms B, C1 and C2. As far as the terms A, D and E are concerned, we assume this is from SC based 

on CNT and PEO-NaOH (see main text section 2) but charged with the thermovoltage of the TEG. As 
shown in Figure S10 a, the efficiency of the TEG-SC (curve iii) is more than 2500 times lower than the 

efficiency of the ITESC (curve i). 

Since this is the first ITESC and that we don’t have optimized its architecture, the efficiency is 

far from what may be provided by future devices. In order to investigate the potential for 
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improvement, we plot the various energetic contributions corresponding to the terms in equation 3 

(Fig. S10 b). The dominating contribution is from the heating energy (term C), because the time needed 

for the electrolyte to reach a stable Vopen (tst) is relatively long. In turn, tst can likely be decreased by a 

factor of 10000 by reducing the length of the electrolyte leg from 1 mm to 10µm. Because the time 

needed to reach steady thermovoltage (tst, region i in Fig 3a) depends quadratically on the length of 

the leg since this is a diffusion limited phenomenon [15]. Note that with an active external cooling 

power of 8W, a temperature gradient ∆T=4.5K is obtained over a 10 µm long PEO-NaOH leg. 

Simultaneously, the heat flux will increase by a factor of 100 due to Fourier equation: 𝑄𝑄 = 𝜅𝜅𝐴𝐴 𝛥𝛥𝑇𝑇𝐿𝐿  . 

Hence, decreasing the length by two orders of magnitude leads to two orders of magnitude reduction 

of C1. Replacing the 1 mm long leg with a 10 µm long leg leads to a reduction in term B; which results 

in an enhancement of efficiency from 6×10-6% to 3×10-4% (curve ii). We now turn to the efficiency of 

the TEG-SC circuit, using the material parameters for Bi2Te3 for a 10µm long leg of the same volume 

as PEO-NaOH in ITESC. Note that because of the higher thermal conductivity, a cooling power of 48W 

is now required to get a temperature gradient of 4.5K. The efficiency of the TEG-SC (curve iv) reaches 

2×10-8 % and is around 11000 times lower than the ITESC (curve ii).  

Fig. S10 c reports the predicted evolution of the efficiency (with a 10 µm long leg) over the 

wide range of temperature gradient (0-100 ̊C). Because the numerator in Equation 4 scales as ∆T2 and 

the denominator is dominated by the terms B+C1+C2, which are proportional to ∆T, the resulting 

efficiency is linearly increasing with ∆T. It is important to keep in mind that the required external 

cooling-heating power increases proportionally with ∆T, so ∆T=100 ̊C would require 177W. We observe 

that the efficiency increases with ∆T to around 0.01% at ∆T=100 ̊C. The efficiency for TEG-SC also 

increases with ∆T, however, remains more than three orders of magnitude lower than the efficiency 

of the ITESC for all investigated ∆T. Moreover, for electrolyte possesses higher conductivity, which 

means a lower Rs, the time needed for fully charging will be shortened. And this will result an 

enhancement of efficiency to 0.08%. 
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Fig. S10 (a) The efficiency of ITESC and TEG-SC for different R load with consideration of: the length of 

leg we are using (i: ITESC, iii: TEG-SC); the length of leg is reduced from 1 mm to 10 µm (ii: ITESC, iv: 

TEG-SC). b, The contribution of the four different parts of the input energy, and the output energy. c, 

Predicted efficiency of ITESC (red dashed line) and TEG-SC (black dashed-dotted line) versus ΔT, and 

electrolyte of 10 times higher conductivity (green short dashed line), with leg length of 10 µm. 
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	With impedance spectroscopy, an alternating voltage VRacR(f)= 5 mV is applied across the electrolyte-based supercapacitors, the polarization characteristics of the electrolyte strongly depend on the frequency (f)P P[23, 24] and the total complex imped...
	Typical cyclic voltammetry (CV) characteristics of the different devices are presented in Fig 2c for the same scan rate (dV/dt=10mV/s). The devices exhibited a near-ideal rectangular shape, indicating purely capacitive behavior. The amplitude of the c...
	The charge and discharge characteristics of the SCs are studied by electric potential static charge-discharge measurements (Fig. 2d). For the charging procedure, a power supply, RRloadR and SCs are connected in series, and the voltage across RRload Ri...
	3. Demonstration of the ionic thermoelectric supercapacitor
	We now demonstrate the first ITESC, by combining the promising thermoelectric properties of the PEO-NaOH solution and the high capacitive performance of the device when sandwiched by CNT-Au electrodes. The ionic thermoelectric effect will act as an i...
	We demonstrate the ITESC concept in Fig 3a. (i) First, a ∆T of 16 K is established across our device while VRthermo Ris recorded. As expected, VRthermo Rincreases during heating until it reaches a stable thermovoltage of around 180mV. (ii) Next, RRloa...
	We compare the charging behavior of the ITESC exposed to a varied temperature gradient versus charging achieved by applying an external voltage source (blue curve in fig 2b). The two charging curves, obtained by varying the voltage versus changing the...
	4. Evaluation of charge transfer during charging and discharging
	During the charging step, the thermoelectric charging of the ITESC shows very similar output current through RRloadR as for electric charging of the supercapacitor at a voltage equals to the thermovoltage, and both charging principles also lead to the...
	The amount of charge transferred to the capacitor is calculated by integrating the current flowing through the capacitor (IRcapacitorR) during charging or discharging. In turn, these current is obtained by measuring the voltage over the RRloadR and by...
	(1)
	Figure 3c shows the calculated charge stored for different ∆T during charging. Because QRchargingR=CVReffectiveR at full charging, and VReffectiveR= ΔTαRiR (1-RRloadR/(RRloadR+ RRpR+ RRsR)), the charge is expected to be linearly proportional to the te...
	(2)
	Figure 3c shows that the amount of charge increases approximately linearly with ∆T with a slope of 8.3×10P-6P C/K. This is of close to 8.8×10P-6P C/K, as predicted by equation 2. Similarly, the charge transferred during discharging also increases with...
	5. Stored charge and energy
	Fig. 4a shows QRchargingR (black squares) and the energy (red dots) transferred to the capacitor during charging (the current curves plotted versus time are provided in Fig. S10 in supplementary information 11). QRchargingR is relatively insensitive t...
	The energy per area is found to increase quadratically with the applied temperature gradient, approximately as E= ½C(ΔTαRiR)P2P. In an ITESC, the stored electrical energy can be expressed as a function of the Seebeck coefficient of the electrolyte. Th...
	In order to pinpoint the unique feature of the ITESC, we now compare its electrical characteristics with that predicted for a single leg thermoelectric generator (TEG) based on BiR2RTeR3R connected in series to the supercapacitor (SC). Since the Seebe...
	We evaluate the efficiency η of the ITESC in converting heat to electricity; which is defined as η=ERoutR/QRinR, i.e. the ratio between the electrical energy that is generated and stored in the ITESC from the charging (ERoutR) and the total heat abso...
	We have demonstrated for the first time that the Soret effect in a polymer electrolyte leads to significant ionic thermoelectric effect that could be used to charge a supercapacitor. The presented ITESC device requires a fluctuation in the applied tem...
	Methods
	HO-(CHR2R-CHR2R-O)RnR-OH + 2NaOH→P-PO-(CHR2R-CHR2R-O)Rn-R-OP-P +2NaP+P + HR2RO
	Table 2 |The amount of charge transferred to or from the capacitor during charging or discharging, for electric (Electric-SC) and thermoelectric (ITESC) charging for thick CNT capacitors (VRchargingR= 50 mV).
	Figure 4 | Energy stored in the ITESC.
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	3: Fabrication and calibration of the reference electrodes
	The two thermistors of the device consist of gold lines patterned on the substrate (10µm wide, 700mm long), and insulated from the top electrode with a thin (100nm) silicon nitride layer (1000nm). For calibration, the complete device with two thermist...
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	5: Thermal conductivity measurement
	The thermal conductivity of PEO-NaOH was measured by the three omega (3ω) method. We briefly describe the principle of this electrical method. The 3ω method was initially reported by D.G. Cahill et al. for the thermal conductivity measurement of amorp...
	The temperature rise (∆T) at the heater is given by[13]:
	Where P, λ are the power input and the thermal conductivity, and l and b are the length and the half-width of heater, respectively. The thermal penetration depth (1/q) is defined as[12]:
	Where 𝜌, ,𝐶-𝑝. and D stand for density, specific heat and thermal diffusivity, respectively. As the thermal penetration depth is inversely proportional to the frequency of the input current, it is always necessary to check that the thermal wave rem...
	D.G. Cahill simplified the equation as[9]:
	Dong-Wook Oh et al.[11] utilized another device architecture designed for the thermal conductivity measurement of liquid samples. We have been inspired by this approach and used it to measure the thermal conductivity of PEO-NaOH solution. The liquid m...
	Where ∆,𝑇-𝑠. is temperature oscillation only with glass and the insulation layer with empty cavity, ∆,𝑇-𝑠+𝑓.  is the temperature oscillation of the heater with glass substrate and filled cavity; while ∆,𝑇-𝑓. is the calculated temperature oscill...
	We here describe briefly the fabrication and the dimension of the Au heater on the glass substrate. The glass substrate was coated with 15 nm chrome (Cr) and 140 nm gold (Au) and patterned by photolithography to get a 3 mm long and 20 µm wide Au line ...
	The results of ∆𝑇 vs. ln2ω are plotted in Fig. S6 for empty and the cavity filled with different materials. All the 3ω measurements were carried out with the same input current for the same frequency range. The cavity was 1 cm tall and it was filled ...

	6: Preparation of self-assembled CNT electrode on Au
	CNT was dispersed in water to form a 0.1 % concentration solution, and exposed to ultrasonic treating for 30 min. The Au electrodes were pretreated by UV plasma for 3 min, and placed on a hot plate set at 105 ̊C. Next, a certain amount of CNT solution...
	The self-discharge is investigated in detail by monitoring the open voltage (VRopenR) of the capacitors after electrical charging. As shown in fig S7, devices with thin and thick CNT electrodes are charged electrically at three different potentials (5...
	The electrically charged SCs, which could be discharged directly (time=1 s) after charging, provide QRdischargeR/QRchargeR of 94% and 83% for the thick and thin CNT electrode devices, respectively (see table 1). However, if discharging is triggered af...
	UFig. S7U Decay of VRopenR after electrical charging at 0.15 V (blue), 0.10 V (red) and 0.05 V (black), for supercapacitors based on thin (dashed lines) and thick (solid lines) CNT electrodes.
	The charging current is measured for both electric and thermoelectric charging. For thermoelectric charging, ∆T=4.5 K gives a VRthermoR of 0.05 V. After VRthermoR has stabilized, the load resistance is connected. For electric charging, the charging po...
	Fig. S8 b shows the charging and discharging performance of a device with Au electrodes (no CNTs). After connecting RRloadR, VRthermoR drops immediately because of the small capacitance. Because there are no compensate charges on the electrodes, VRthe...
	In the experimental charging and discharging processes,  is finite. except for the first charging process. is dependent on the time of the charging and discharging processes. We take 5 times of τ as the charging and discharging time, for during this p...
	The voltage across RRloadR is measured for different RRloadR, and the charging current is obtained by 𝐼=,𝑉-,𝑅-𝑙𝑜𝑎𝑑.. . To calculate the amount of charge and energy stored in the device, the curve of the current is integrated for the charging pe...
	Heat-to-electricity charging conversion efficiency
	We evaluate the efficiency of the ITESC in converting heat to electricity through the charging efficiency. The charging efficiency is defined as the ratio between the electrical energy that is generated and stored in the ITESC from the charging (ERout...
	𝜂=,,𝐸-𝑜𝑢𝑡.-,𝑄-𝑖𝑛..=,,1-2.𝐶,,Δ𝑇,α-i.−,𝑉-𝑙𝑜𝑎𝑑.−,𝑉-𝑠..-2.-,1-2.𝑚,𝐶-ℎ.∆𝑇+𝜅,𝐴-𝐿.,0-,𝑡-𝑠𝑡.-∆𝑇𝑑𝑡.+𝜅,𝐴-𝐿.,,𝑡-𝑠𝑡.-,𝑡-𝑐ℎ.-∆𝑇𝑑𝑡.−,1-4.,,,𝑅-𝑠.𝐶,Δ𝑇,α-i.−,𝑉-𝑙𝑜𝑎𝑑.−,𝑉-𝑠..-2.-,𝑅-𝑙𝑜𝑎𝑑..+,𝐶,𝑇-ℎ.𝛼-𝑖-2.𝛥𝑇.
	=,𝐴-𝐵+𝐶1+𝐶2+𝐷+𝐸.                                          (3)
	QRin Rhas several types of contribution. First, ,1-2.𝑚,𝐶-ℎ.∆𝑇 (term B) is the heat absorbed by the PEO-NaOH electrolyte (mass m=9.4×10P-2Pgr, specific heat CRhR= 2.13 JgP-1PKP-1P (from the datasheet of DOW chemical company) upon increasing the aver...
	We compare the efficiency of the ITESC with that of a circuit composed of a SC connected in series with a conventional TEG. In that case, we take a TEG of the same area and volume as the ITESC but made of BiR2RTeR3R and submitted to ∆T=4.5K. Using the...
	Since this is the first ITESC and that we don’t have optimized its architecture, the efficiency is far from what may be provided by future devices. In order to investigate the potential for improvement, we plot the various energetic contributions corr...
	Fig. S10 c reports the predicted evolution of the efficiency (with a 10 µm long leg) over the wide range of temperature gradient (0-100 ̊C). Because the numerator in Equation 4 scales as ∆TP2P and the denominator is dominated by the terms B+C1+C2, whi...
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