
 

 

1 

High power all-carbon fully printed and wearable 

SWCNT-based organic thermoelectric generator 

Christos K. Mytafides *❖, Lazaros Tzounis **❖, George Karalis ❖, Petr Formanek  § and 

Alkiviadis S. Paipetis ***❖ 

❖ Department of Materials Science & Engineering, University of Ioannina, GR-45110 Ioannina, 

Greece 

§ Leibniz-Institut für Polymerforschung Dresden e.V., Hohe Straße 6, 01069 Dresden, Germany 

ABSTRACT  

In this study, we introduce the fabrication process of a highly efficient fully printed all-carbon 

Organic Thermoelectric Generator (OTEG) free of metallic junctions, with outstanding flexibility 

and exceptional power output, which can be conveniently and rapidly prepared through ink 

dispensing/printing processes of non-toxic and low-cost aqueous CNT inks with a mask-assisted 

specified circuit architecture. The optimal produced p-type and n-type films exhibit ultrahigh 

power factors of 308 μW/mK2 and 258 μW/mK2 respectively at ΔΤ=150K (THOT=175°C) and 

outstanding stability in air without encapsulation, providing the OTEG device the ability to operate 

at high temperatures up to 200°C at ambient conditions (1 atm, relative humidity: 50±5% RH). 

We have successfully design and fabricate the flexible thermoelectric modules with superior 

thermoelectric properties of p-type and n-type SWCNT films resulting in exceptionally high 

performance. The novel-design OTEG exhibits outstanding flexibility and stability with attained 

TE values among the highest ever reported in the field of organic thermoelectrics, i.e. open-circuit 

voltage VOC= 1.05 V and short-circuit current ISC= 1.30 mA at ΔT= 150 K (THOT=175°C) with an 
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internal resistance of RTEG= 806 Ω, generating 342 μW power output. It is also worth noting the 

remarkable power factors of 145 μW/mK2 and 127 μW/mK2 for the p-type and n-type films 

respectively at room temperature. The fabricated device is highly scalable, providing opportunities 

for printable large-scale manufacturing/industrial production of highly efficient flexible OTEGs. 

TOC GRAPHICS 

 

Graphical abstract. Schematic illustration of the all-carbon printed and flexible SWCNT-based organic 

thermoelectric generator 

 

1. INTRODUCTION 

Energy conversion from primary energy carriers into end-use energy is subject to losses. Massive 

quantities of converted energy are usually released to the environment as waste heat. The 

exploitation of this waste energy may increase energy efficiency and reduce energy consumption. 

Waste heat produced globally by the most common end-use sectors including transportation, 

industrial, commercial & residential as well as electricity generation on a global scale, it is 

estimated at 72% of the global primary energy consumption. In more detail, 63% of the 

aforementioned waste energy concerns temperatures below 100 °C. In this temperature range, 
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electricity generation sector has the largest share followed by transportation and industry 1. 

Thermoelectric (TE) energy harvesting is an emerging and promising technology of renewables in 

a wide range of applications. TE materials convert heat directly into electricity and may be 

employed for harvesting dissipated heat, local cooling, and more recently flexible and wearable 

electronics 2-8. Although TE conversion devices offers a theoretically effective and sustainable 

energy harvesting solution from waste heat sources for a wide range of temperatures, most of the 

semiconductors that currently deliver the best TE performance are expensive to manufacture and 

are based on relatively rare and/or toxic elements. The most commonly used thermoelectric 

materials are inorganic semiconductors and their alloys, i.e. Bi2Te3, Sb2Te3 and PbTe 9. Therefore, 

the cost per watt of generated electricity becomes prohibitively expensive, which is consistent with 

the fact that there is no significant commercial market for TE converters. A potential application 

for TEG devices is the power generation in distant locations, and the power supply for portable 

wireless devices with low power requirements (e.g. health sensors, Internet of Things). In order to 

achieve this applicability, the form factor and the weight of the device (e.g. adaptability and 

flexibility) become just as essential as the cost and efficiency. This creates the demand for simple 

process such as those based on non-toxic, low-cost organic (or hybrid) semiconducting TE inks, 

which can be deposited onto flexible substrates for the production of flexible TE materials 10. In 

recent years, organic and organic/inorganic composite TE materials have attracted considerable 

scientific interest due to their numerous advantages, i.e. low cost, low density, non-toxic, low 

thermal conductivity and facile processing 11-13.  

The establishment of organic TE materials in the renewables market as a meaningful player 

towards global sustainable energy solutions is largely dependent on the production of cost-

effective and environmental-friendly TE materials. Carbon nanotubes (CNT), 14-16, conductive 
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polymers 17-20, or CNT/polymer composites 21-30, are materials with excellent properties that may 

also be tailored on demand and therefore offer extensive design-based application opportunities 31. 

Although significant progress has been made on p-type organic TE materials, the optimized design 

of high-performance and air-stable flexible n-type organic TE materials to match their p-type 

counterparts and further increase the energy conversion capacity of TEG devices remains a major 

challenge 32-35. The main reason is the shortage of solution-processable n-type dopants for organic 

TE materials with long-term environmental stability. Furthermore, air-stable n-type organic TE 

materials with inherent flexibility are not yet as efficient to produce TE generators and optimize 

their performance. This is generally the case for printable and flexible n-type materials where high-

performance is also essential for applications such as organic solar cells 36 or field-effect transistors 

31, 37, 38. SWCNTs, are promising as an emerging TE material, because they exhibit extraordinary 

TE characteristics together with excellent and highly tuned performance via ion or molecular 

doping 29, 31, 39-48. Pristine SWCNTs possess a p-type character due to oxygen impurities in the 

atmosphere 31, 39. Through specific doping methods with organic small molecules or polymers with 

electron donors or acceptors , SWCNTs can be engineered to either p-type 40-42, or n-type 29, 43-50 

materials where the major inherent carriers are positively or negatively charged respectively. 

Trailblazer SWCNT n-doping research is based on polyethyleneimine (PEI), 43, 44 and organic 

molecules of electron donors (e.g. nitrogen or phosphine-containing dopants) 29. Additionally, a 

series of amines (e.g. amino-substituted rylene dimides, diethylenetriamine) and ordinary salts 

(e.g. NaCl, NaOH, KOH) with crown ethers were found to be suitable as n-type dopants of CNTs 

29, 30, 45. However, the above-mentioned doping methods, give rise to high-cost, unstable in air and 

even dangerous inks, which are not easy processable, or non-water-soluble. All of the above, 

underline the need for simple, high-performance and low-cost n-type SWCNTs 46. The power 
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factor (PF) is often employed to characterise TE materials and is defined as PF= σ∙S2 where S is 

the Seebeck coefficient and σ is the electrical conductivity of a TE material 51.  

Although it is often reported that TEG devices formed with high power factor materials are able 

to generate more energy, this is only the case for TEGs with well-specified geometries without 

any constraints of heating and cooling. For an application-based optimally designed TEG, the 

employed TE materials should work at their peak efficiency, which is determined by their figure 

of merit ZT= σ∙S2∙T/κ, 52, where T is the absolute temperature and κ the thermal conductivity. In a 

very first study related to n-type organic TE materials published by Sun et al. 10, the metallic 

coordination n-type polymer poly(Kx(Ni-ett)) has shown sufficient TE characteristics, with a PF 

of 66 μW/mK2. In addition, CNTs are highly promising organic materials which can be easily 

adapted to n-type by different methods such as electron-rich polymer functionalization 30, 38, 53, 54, 

metal encapsulation 28, 55, conjugated polyelectrolytes 27 and small molecules 29. In previous 

studies, n-type TE films based on dispersed CNT solutions with the addition of PEI as n-dopant, 

have resulted in low electrical conductivity and a conservative PF (maximum PF=72 μW/mK2) 28, 

31, 56. In a more relevant study to this one, ammonium-based cationic surfactants were employed 

as n-dopants to SWCNTs to achieve a reasonably high PF=100 μW/mK2 using CTAB in H2O 

solvent 57.  

In this study, we develop non-toxic, facile, low-cost, high-temperature resistant, air-stable and 

flexible p- and n-type SWCNT-based TE films. The produced n-type films exhibit an ultrahigh TE 

PF of ~258 μW/mK2 and an outstanding long-term stability in air without encapsulation at 

ΔΤ=150K. We demonstrate that SWCNTs can easily be dispersed in water, resulting to n-type ink 

via a simple solution mixing procedure, with the addition of the small molecule of 

cetyltrimethylammonium bromide (CTAB). CTAB is a common alkylammonium cationic 
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surfactant, giving the ability to dope efficiently the SWCNT with electrons, as well as to disperse 

them into a water solution, which provides a great opportunity for printable, large-scale roll-to-roll 

(R2R) or sheet-to-sheet (S2S) industrial production. Inspired by these results, we successfully 

design and fabricate a fully printed and powerful OTEG device on a kapton film, consisting of 

serially interconnected p- and n-type SWCNT thermoelements, demonstrating impressive 

performance, stability, and flexibility, capable to produce power at high temperatures up to 200 

oC. The flexible novel-design OTEG device consisting of 116 p-/n- pairs can generate the 

remarkable total thermopower of 7791 μV/K at ΔT=100K (TC=25°C, TH=125°C). Furthermore, 

exceptional values for open-circuit voltage VOC=1.05 V and short-circuit current ISC=1.30 mA 

were achieved at ΔT=150 K (TH=175°C) with an internal resistance RTEG=806 Ω, resulting to the 

ultra-high power output of 342 μW. 

2. EXPERIMENTAL SECTION 

2.1. Characterization techniques 

The LabRAM HR800 Horiba scientific micro-Raman system (Horiba, Japan) was used in order to 

verify the purity and crystallinity of SWCNT-based thermoelectric materials. A 514.5 nm Ar+ ion 

laser with 1.0 mW operating power at the focal plane was employed for the Raman excitation. An 

optical microscope equipped with a 100× objective served both for delivering the excitation light 

and collecting the back-scattered Raman activity. All Raman spectra were collected in the range 

of 90-3500 cm-1 with acquisition times of 30 s. Viscosity measurements of the TE inks have been 

carried out with the NDJ-9S digital viscometer. The UV-3600, Shimadzu ultraviolet–visible–near 

infrared (NIR) spectrophotometer (Shimadzu, Japan) was used in order to measure the absorption 

spectra. Microscopic morphology was characterised using a FIBSEM Zeiss-Neon 40EsB focused 

ion beam-scanning electron microscope (Zeiss, Germany) operating at an accelerating voltage of 
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3.0–5.0 kV. Furthermore, the Bruker Innova Atomic Force Microscope (Bruker, USA) was used 

in order to characterise the surface morphology of the printed TE films, operating at 3V using 

Antimony doped Si probe (RTESPA-300) with f0=300kHz at tapping mode. 

2.2. Measurements of TE properties and performance 

The TE related properties of the materials, including Seebeck coefficient, electrical conductivity, 

thermal conductivity, power factor, figure of merit and thermoelectric efficiency were measured 

using the Linseis Thin Film Analyzer (Linseis, Germany). Ossila 4-point probe instrument was 

also used for the determination of the sheet resistance and the electrical conductivity of the films 

(Ossila, United Kingdom). Thermal stability and performance of the materials and the TEG device 

were carried out. In order to generate thermopower, one block was kept at room temperature 

(TC≃25°C) and the other was heated at various temperatures (laboratory environment: 1 atm, 

relative humidity: 50±5% RH). The temperature of the two blocks was monitored with K-type 

thermocouples to accurately determine the temperature difference (ΔT). The generated voltage and 

current in various ΔΤs were measured using the Agilent 34401A digital multimeter (Agilent 

Technologies, USA) and DMM connectivity utility software. The TE performance evaluation 

system employed for the flexible module provided the voltage–current, power–current, voltage–

load resistance and power–load resistance curves was computer-controlled by purposely made 

LabVIEW programmes. The thermal behavior of the SWCNT-based TE materials was 

investigated by thermogravimetric analysis (TGA) using a Leco TGA701 instrument (Leco, USA). 

Thermal scans were performed under oxygen flow from 30 °C to 1000 °C with a heating rate of 

10 °C/min. C.K.M. participated in the thermoelectric characterization of the wearable OTEG 

device at his own responsibility without any permission due to the non-toxic environmentally 

friendly materials that have been used for the fabricated OTEG. 
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3. FABRICATION PROCESS OF THE ORGANIC THERMOELECTRIC GENERATOR 

3.1. Preparation of p- and n-type SWCNT-based TE inks 

The pristine SWCNT powder with a carbon purity of ≥80% has been obtained from TUBALL™, 

(OCSiAl , Russia) with a length of ca. 5µm and outer mean diameter of 1.6 ±0.4 nm. The p-type 

SWCNT ink was fabricated by an easy water-solution mixing procedure, with the addition of 

anionic surfactant sodium dodecylbenzene sulfonate (SDBS) and SWCNTs in deionized water (DI 

water). The mixture of 2mg/ml SWCNTs with a prescribed amount of SDBS in 100ml H2O was 

initially stirred for 10 min, then tip-sonicated for 30 min using a Hielscher-UP400S probe-type 

sonicator (Hielscher, Germany), stirred for 15 min, tip-sonicated for another 30 min and finally 

stirred for 3h. All stirring processes carried out at 1000 rpm and the tip-sonication at 10W. In order 

to produce high-quality printable TE inks with high performance, it is of great importance to 

produce high-quality dispersions with the appropriate viscosity depending on the design, the 

application and the substrate 58, 59. In this work, the desired viscosity for the printing process is 

approximately 350 cP, and was achieved for the dominant dispersions 58, 60. 

During the dispersion process, it has been observed that the lower the SDBS addition to the p-type 

ink, the greater the conductivity of the mixture and, as a result, the power factor of the material. 

However, very low amounts of SDBS do not contribute to good dispersion of CNTs, resulting in 

a low-quality TE ink forming discontinuous films with low conductivity, not suitable for large-

scale applications.  

The n-type SWCNT ink is fabricated using a facile, low-cost and fast water-solution procedure, 

mixing CTAB and SWCNTs in DI water, in a similar way as for the SDBS process described 

above. In this work, cetyltrimethylammonium bromide (CTAB) as a typical and one of the most 
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commonly used alkylammonium cationic surfactant, was studied as a low-cost, high-temperature, 

air-stable and non-toxic n-dopant. SDBS as well as CTAB powders were obtained from Sigma-

Aldrich (Steinheim, Germany). Figure 1 illustrates the manufacturing process of the TE inks, the 

dispersions of p- and n-type SWCNTs, the printed TE thin films for the thermoelectric 

characterisation, the vacuum filtration for buckypaper fabrication as well as the outstanding 

flexibility of p- and n-type SWCNT buckypaper films. 

 

Figure 1. Thermoelectric ink preparation for material characterisation. (a) The dispersion process using a 

probe-type sonicator, (b) the as prepared dispersions of p- and n-type SWCNTs, (c) the TE thin films for 

the thermoelectric characterisation, (d) the vacuum filtration process for buckypaper preparation and (e-f) 

the outstanding flexibility of p- and n-type SWCNT buckypaper films respectively. 

3.2. Fabrication of the flexible OTEG 

A flexible all-carbon TEG module was fabricated via ink dispensing/ printing method with the 

manufactured TE inks on a high temperature resistant Kapton thin-film (~100μm thickness) and 

consisted of 116 p-/n- pairs. Figure 2 depicts the mask-assisted device fabrication process with 

dimensions of 30 cm × 7 cm × 110 μm, as well as the outstanding flexibility of the OTEG device. 

Initially, p-type TE material was printed on the flexible Kapton substrate by blade-coating 

technique. The blade was set at 2.5mm wet film thickness, resulting in homogenous 5μm dry film 

thickness of the SWCNT-based TE material. Subsequently, n-type TE material was printed in the 

same way so that it met the p-type thermal element where it ended, in order to create a continuous 

electric path consisting of p-/n- thermoelements. In an attempt to visualize the SWCNT film 

n-typep-type

ca db e f

n-typep-type
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thickness printed onto the Kapton substrate (representative of the SWCNT thickness of the TEG 

printed device consisting thermoelements), ultrasmooth block surfaces were prepared using an 

ultramicrotome (Leica UC7, Leica Microsystems GmbH, Wetzlar, Germany) and a diamond knife 

for polishing (model cryotrim 45°) under cryo conditions (−120 °C). Prior to the SEM analysis, a 

thin layer (3 nm) of platinum was deposited by sputtering in order to avoid charging effects. 

Supplementary Figure 8 illustrates the cross-section of the printed film. The dimensions of each 

thermoelement were 2.5 cm × 0.4 cm × 5 μm. The thermoelements were dried at 90 °C for 20 min 

after printing. In this configuration, the highly conductive SWCNT networks are also employed as 

electrodes/ interconnections between the p-/n- regions, thereby forming an all-carbon TEG without 

the need for additional metal deposition for electrical interconnection of the thermoelements. In 

order to maximise the filling factor as well as the power output of the device, the OTEG 

architecture was mirror printed for both sides of the Kapton substrate. The SI-P2000 nanosilver 

ink ORGACON™ that has been obtained from AGFA (AGFA, Belgium), was only used for the 

interconnection between the both-side printed pattern of thermoelements as shown in Figure 2a. 

In this case, the Ag-paste was applied on the Kapton substrate via mask-assisted printing process 

and dried at 150 °C for 20 min prior to the printing of the thermoelements with TE inks. 

Most CNT-based TEGs are fabricated via p- and n-type alternating stacking (or printing) of the 

thermoelements using metal deposition for electrical interconnection 51, 57. However, in the case of 

highly electrically conductive SWCNTs, the contact resistance between the metal electrode and 

the SWCNTs is higher than the resistance of the metal or the SWCNT itself and, as a result, this 

method yields TEGs with reduced power output 61. Supplementary Figure 1 illustrates an Ag-

interconnected TEG with the same architecture as the fabricated OTEG and Supplementary Figure 

2 shows its thermoelectric performance under ΔΤ:100K (Tc=25°C). 
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In this study, we demonstrate the facile fabrication of a flexible, non-toxic and fully printed all-

carbon TEG device. The employed SWCNT-based printed films have excellent electrical 

conductivities of 1956 S/cm and 1351 S/cm at room temperature for the p- and n-type respectively. 

As a result, the fabrication of this metal-free flexible module based solely on these TE materials, 

leads to the realization of a powerful OTEG device with superior TE performance. 

We believe that the methodology and the architecture proposed in this study for fabrication of a 

flexible, all-carbon fully printed TEG, improves the filling factor and the power output of the 

device, makes the metallic interconnections between the p-/n- thermoelements redundant and 

therefore, shows great potential for the future of flexible or even wearable power-conversion 

TEGs. 
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Figure 2. All-carbon fully printed and flexible thermoelectric generator fabrication. (a) Mask assisted device 

fabrication process via ink dispensing/ printing method onto flexible and high-temperature heat resistant Kapton 

thin film, (b) the flexibility of OTEG device (c) all-carbon fully printed SWCNT-based OTEG. 

 

(a) p-type printing n-type printing OTEG architecture printed p-/n-type junctions of OTEG
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4. RESULTS AND DISCUSSION 

4.1. Thermoelectric properties, characterisation and stability 

In order to manufacture optimal p- and n-type TE inks, various mass ratios of SWCNT:surfactant 

were added into DI water as dispersion medium. Figure 3 illustrates the thermoelectric properties 

and characterisation of the produced TE materials. Specifically, Figure 3a-b shows the measured 

electrical conductivities, Seebeck coefficients as well as the calculated power factors of the p- and 

n-type SWCNT thin films respectively at different mass ratios. As is mentioned in relevant section 

for the preparation of TE ink, very low amounts of SDBS do not contribute to good dispersion of 

CNTs, and resulting in a low-quality TE ink, which is not capable of producing continuous films 

with high conductivity. As is observed 10:10 and 10:14 mg/mg mass ratios exhibit the highest 

power factors for p- and n-type TE materials respectively with the specific dimensions of 25mm 

× 4mm × 5μm. The TE films were manufactured by blade-coating of the semiconducting ink onto 

a masked Kapton substrate and dried to 90 °C for 20 min as aforementioned in the previous section. 

When the SWCNTs:CTAB mass ratio increases above 10:14, a decrease in conductivity is 

observed as the more dielectric CTAB molecules interfere among the conductive SWCNTs 

without contributing significantly to the Seebeck coefficient. Apart from being high-quality and 

homogeneous dispersions, the selected TE inks with the higher power factors (PF), also exhibiting 

a very satisfactory functional viscosity of ~350 cP. As a result, they may also be employed for 

large-scale printing techniques, (gravure, slot-die, or flexographic printing)58-60 as shown in Figure 

3c.  

The long-term stability of the n-type film also studied. Measurements of the electrical conductivity 

and Seebeck coefficient of the as-prepared n-type SWCNT film without any encapsulation over a 

period that exceeded 100 days (3.5 months) were performed as shown in Figure 3d. The tests were 
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carried out in plain air standard environmental conditions (1 atm, ~25 °C, relative humidity: 

50±5% RH). During the test period, negligible variations in electrical conductivity and Seebeck 

coefficient of 3% were observed, proving that the fabricated n-type SWCNTs:CTAB films exhibit 

outstanding long-term stability in air. This excellent behavior is attributed to the high-quality 

dispersion which also leads to the creation of surrounding micelles on SWCNTs formed by the 

small CTAB molecules. Simultaneously, due to the anion-induced electron transfer between the 

bromide anions (Br−) of CTAB on CNTs efficient doping takes place and as a result, both efficient 

and air-stable n-type TE material is formed. The positive Seebeck coefficient of p-type SWCNT 

films is mainly a result from oxygen doping in air, which results to hole carriers 39, 62.  

As referred in previous works 63-65, nitric acid treatment is often employed for p-doping 

enhancement. In this study, this method was not preferred as the primary goal was to produce non-

toxic TE inks for large-scale and facile printed applications. Nonetheless, the obtained PFs are as 

high as 240 μW∙m−1K−2 and 210 μW∙m−1K−2 for p- and n-type respectively, and are among the 

highest values ever reported for non-toxic, flexible and printed organic TE materials 21, 26-29, 31, 56, 

66, 67. The ultrahigh PF can be attributed to the extraordinary electrical conductivities of 2030 

S∙cm−1 and 1432 S∙cm−1 combined with the reasonably high Seebeck coefficients of 35 μV∙K−1  

and −38 μV∙K−1  of p- and n-type films respectively. 
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Figure 3. Thermoelectric properties and characterisation of TE materials. (a-b) The measured electrical 

conductivities, Seebeck coefficients, and the calculated power factors of the p- and n-type SWCNT films 

respectively at different mass ratios, (c) viscosities of p- and n-type SWCNT TE inks at room temperature 

and (d) the long-term stability of the flexible n-type SWCNTs:CTAB 10:14 mg/mg film in air without 

encapsulation. 

4.2. Raman and TGA of p- and n-type SWCNT thermoelements 

Normalized Raman spectra relative to the main graphitic G’ band at ca. 1590 cm-1 excited with a 

514 nm laser for both p-type SWCNTs:SDBS 10:10 mg/mg and n-type SWCNTs:CTAB 10:14 

mg/mg TE films shown in Figure 4a. The D band (at ~1,350 cm−1) shows a low intensity compared 

to the G band (at ~1,590 cm−1) of the Raman spectrum of p-type SWCNT film. This indicates 

large crystal size and low defects 68. Compared to the p-type, the n-type thermoelectric film, 

exhibits similar relative intensities for both D band (at ~1,250 cm−1) and 2D band (at ~2,600 

cm−1). This ascertains that no structural defect has been inflicted upon the doping process. 
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Furthermore, the radial breathing mode (RBM), with a resonance frequency lower than 500 cm−1, 

represents a bond-stretching out-of-plane phonon mode where all the carbon atoms move 

cohesively in the radial direction. Similarly, the RBM zone of the n-type film has almost the same 

intensity with the one of the p-type film, indicating no significant impediment to carbon atom 

oscillations in the radial direction, such as commonly referred to the PEI doping of SWCNTs 66, 

also manifested by the high electrical conductivity of CTAB doped structure. 

To further examine the doping effect as well as the charge transfer resulting from the CTAB 

doping, the absorption spectra of the p- and n-type SWCNT films were measured. Figure 4b 

illustrates the absorption peaks S11, S22 and M11 of SWCNT films, which can be attributed to the 

electron transitions between semiconducting and metallic SWCNTs 69. When the SWCNTs are n-

doped with CTAB, the intensities of the semiconducting optical transitions S11 and S22 display a 

substantial decrease. This interaction confirms the efficient doping-induced Fermi level deviation, 

which is consistent with previous studies 54. When the CTAB mass ratio increases, S11 and S22 

transition attenuations become more noticeable. Absorbance attenuation represents the state-filling 

of holes or electrons 63, 70. In combination with the negative Seebeck coefficient of the doped 

SWCNT films, it is clearly demonstrated that CTAB acts as a very effective n-dopant for CNTs. 

Furthermore, in order to have a clearer comparison the optical admittance spectroscopy of 

absorption vs energy of the CNT films is shown in Supplementary Figure 3.  

Moreover, thermogravimetric analysis (TGA) was conducted on p- and n-type SWCNT 

thermoelectric films, in order to assess their thermal performance and limitations, especially for 

CTAB-doped n-type material, as well as their stability over time at their functional temperature 

limit. This thermal analysis illustrates the capability and stability of both p- and n-type SWCNT-

based organic thermoelectric materials for high temperature applications. Figure 4c shows the p-
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type thermal degradation. Zone “I”, is attributed to the evaporation of water within the material 

(0-185°C), zone “II” depicts the onset of SDBS molecules burning (185-450°C), and zone “III” 

shows the starting point of SWCNT oxidation as well as the burning of the remaining SDBS 

molecules (450-1000°C). This is consistent with the TGA of SWCNT powder and SDBS powder 

as shown in Supplementary Figure 4. Figure 4d illustrates the n-type TE material thermal 

degradation. Zone “I”, is attributed to the evaporation of water within the material (0-202°C), zone 

“II” depicts the sharp burning of most CTAB molecules above the limitation temperature (202-

293°C) resulting in an abrupt material degradation and zone “III” shows the burning of the 

remaining CTAB molecules (293-460°C). Zone “IV” illustrates the starting point of SWCNT 

oxidation as well as the burning of any remaining molecules (460-1000°C). Concluding, the 

CTAB-based n-type CNT material, exhibits a stable but sharp high-temperature limit at 200°C, 

making it suitable for high-temperature applications, which is consistent with previous studies 71, 

72. Approximately 13% of the remaining mass on SWCNTs:CTAB TGA sample is attributed to 

metal impurities introduced during the SWCNT manufacturing process. The largest percentage of 

the SWCNTs:SDBS TGA sample is due to the remaining sodium hydrogen sulphite (NaHSO3) 

molecules, which constitutes the head of the SDBS surfactant 73. 
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Figure 4. (a) Raman measurements of p- and n-type SWCNTs ,(b) the normalized absorption spectra of 

the p- and n-type SWCNT films and (c-d) thermogravimetric analysis (TGA) of p- and n-type SWCNT-

based semiconducting thermoelements respectively. 

4.3. SEM and AFM micrographs 

The dispersion quality and the solid-state morphology of the p- and n-doped SWCNT films was 

compared. Figure 5 shows the focused ion beam-scanning electron microscopy (FIBSEM) as well 

as the atomic force microscopy (AFM) images of the surfaces of the SWCNT dispersions with 

anionic and cationic surfactant. As aforementioned, the dispersions were prepared in H2O, blade-

coated at 2.5mm wet film thickness and finally dried at 90°C for 20 min to form in thin films. The 

well-dispersed p- and n-doped SWCNTs, exhibit similar closely-packed network structures, which 

contribute effectively to carrier transports. The p-type film network, exhibits excellent continuity 
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and uniformity (Figure 5a-c). In the n-type SWCNT film (Figure 5d-f), a good dispersion of CNTs 

with the cationic surfactant is shown, indicating that sufficient CTAB micelles have been formed 

on CNT surfaces providing an efficient n-type doping due to the anion-induced electron transfer 

between the bromide anions (Br−) of CTAB on CNTs. In Figure 5d-f, the state of the CTAB 

dispersion and the coating behaviour for the CTAB-doped SWCNTs is shown. The dispersibility 

of SWCNTs with CTAB in H2O is also reported in a previous study 57.  

The AFM images depict the morphological properties of the respective samples. Figure 5f and 

Figure 5c illustrate a homogeneous surface coating with a quite low average roughness (Ra) of the 

examined film after printing the ink, indicating that it has been preceded by a good dispersion. The 

visible dot spots are indicative of the metal catalyst impurities of the SWCNT material. 

As shown in the SEM images (Figure 5b,e), the SWCNT ribbons formed during the drying process 

of the TE inks, provide a characteristic reticular structure with extraordinary conductivity, which 

is due to the long Y-type interbundle and intertube junction. As a result, the electrical 

conductivities of p- and n-type films are 1965 S∙cm−1 and 1351 S∙cm−1 respectively at room 

temperature, which is much higher than reported in previous studies based on polyethyleneimine 

(PEI) dispersions of CNTs for n-type TE films (2×103 – 4×104 S∙m−1; refs 27-29, 53). As is well 

known, the intertube junctions dominate the electrical conductivity of the SWCNT films. It can 

therefore be postulated that the much smaller molecules of CTAB provide improved 

interconnections between the CNTs when compared with PEI and, as a result, much higher 

electrical conductivity of the TE film is achieved. In conclusion the larger the insulating molecule 

of the dopant, the less conductive the contacts of the intertube junctions, as carrier transport across 

the junctions between CNTs is impeded and the electrical conductivity is significantly reduced 74.  
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Figure 5. SEM and AFM images of p- and n-type SWCNT printed films, (a,b,c): p-type SWCNTs:SDBS 

10:10 mg/mg, (d,e,f): n-type SWCNTs:CTAB 10:14 mg/mg. 

4.4. Thermal stability of p- and n-type SWCNT thermoelements 

To further investigate the ΤΕ behavior of the CNT materials under extreme temperature conditions, 

a long-term thermal stability based on the TGA was conducted. This was performed, in order to 

assess the performance of the p- and n-type thermoelements and the capability of high-temperature 

applications. The tests were performed in an air environment without encapsulation (1 atm, 

TC≃25°C, relative humidity: 50±5% RH). Figure 6a-b illustrates the thermal stability and 

thermoelectric performance of voltage and current of the p-type thermoelement over time. A 

remarkably stable behavior for both TE characteristics is observed. More analytically, at ΔΤ=100K 

and 125°C set point (TC=25°C, TH=125°C), it took the heat source 149s to gradually reach the 

required temperature, and the p-type thermoelement 185s to reach its maximum generated 

thermovoltage , when having the same starting point and time with the heat source. The maximum 

generated current of the p-type thermoelement, was reached after 211s. Both current and voltage 

remained perfectly stable for the entire 8-hour testing period. As it is also referred in a previous 
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study 75, the time lag between the peak of the maximum current and the maximum generated 

voltage, can be attributed to moisture absorption by the SDBS molecules, indicating that the 

current is much more sensitive to environmental conditions than voltage. Experiments have shown 

that the time-averaged current is affected by the relative humidity (RH). More specifically, the 

apparent mobility of charge carriers decreases as relative humidity increases because the additional 

mass of ions reduces their mobility. As the temperature rises and the water absorbed molecules 

evaporate, the resistance of the material decreases, thereby the generated current increases 75, 76. 

Figure 6c-d depicts the thermal stability and thermoelectric performance of voltage and current of 

the n-type thermoelement as a function of time. Again, both TE characteristics are remarkably 

stable. For the experimental conditions at ΔΤ=100K (TC=25°C, TH=125°C) the maximum 

generated voltage was reached after 187s, the maximum generated current after 643s and remained 

stable for the entire 8-hour testing period. This difference between the peak-time of the generated 

current and voltage reveals that CTAB molecules are much more sensitive to moisture absorption 

than SDBS and therefore a stronger diversification in the measured peak times is observed 75, 76. 

Figure 6e-f illustrates the temperature dependency and degradation of the n-type dopant of the 

thermoelement after exposure to marginally extreme temperatures as a function of time. It is 

demonstrated that after being exposed to 220°C, the n-type material begins to degrade in terms of 

voltage and current after ca. 20 min. Full degradation takes place after ca. 3 hours, when the dopant 

is completely eliminated. It may be therefore concluded that CTAB apart from being a very good 

n-type doping agent, also maintains its n-type character. This is attributed to the very efficient 

bonding with the CNTs and the remarkable high-temperature stability in air. At the same time high 

quality aqueous dispersions of SWCNT with CTAB are achieved 77 . The TGA study and the 

thermal stability of the CTAB-based n-type SWCNT thermoelement, prove the stability and the 
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high-temperature endurance of up to 200°C, which is among the highest value ever reported for 

organic TE materials 53, 78. Furthermore, the employed in-plane architecture of thermoelements for 

the OTEG device fabrication proves to be very stable for all studied ΔΤ as a function of time. 

Conversely, the short thermoelements of the conventional through-thickness TEG geometries, are 

reported to suffer from a rapid increase of TC temperature close to TH as thermal equilibrium is 

rapidly reached, resulting in the decrease of ΔΤ, and inevitably an attenuated power output 79. 

 
Figure 6. Thermal stability and performance of (a-b) p-type, (c-d) n-type TE materials at 125°C and 

175°C. (e-f) The temperature dependency and the degradation of the n-type dopant after exposure to 

extreme temperatures as a function of time. 

4.5. Thermoelectric characterisation of p- and n-type SWCNT thermoelements 

The TE properties of SWCNT-based materials where thoroughly studied in terms of their 

thermoelectric behavior. More analytically, the Seebeck coefficient, electrical conductivity, 

thermal conductivity, power factor, figure of merit and the thermoelectric efficiency of the TE 
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materials as a function of temperature were measured or calculated. The maximum efficiency of a 

thermoelectric material can be determined by its thermoelectric figure of merit (𝑧𝑇). given by 80: 

𝑧𝑇 =
𝜎𝑆2𝑇

𝜅
 (1) 

where 𝑆 is the Seebeck coefficient, 𝜎 the electrical conductivity, 𝜅 the thermal conductivity, and 

𝑇 the absolute temperature. The optimal efficiency of thermal to electrical energy conversion for 

a thermoelectric material is expressed as 81, 82: 

𝜂 = (
𝑇𝐻 − 𝑇𝐶

𝑇𝐻
)

√1 + 𝑍𝑇 − 1

√1 + 𝑍𝑇 + (𝑇𝐶 𝑇𝐻⁄ )
 (2) 

The first factor in (2) is the Carnot efficiency. The second factor which is a function of 𝑍𝑇, 

determines what fraction of the Carnot efficiency can be obtained from a TEG under a given ΔΤ. 

𝑇𝐻 represents the temperature at the hot junction and 𝑇𝐶 is usually a steady temperature of a surface 

that remains cold. The temperatures at the hot side (𝑇𝐻) and the cold side (𝑇𝐶) of a TE material 

define the temperature difference (𝑇𝐻 − 𝑇𝐶), and 𝑇 is the average of these temperatures. 

Figure 7a,b illustrates the thermoelectric performance of p-type SWCNTs:SDBS 10:10 mg/mg 

and n-type SWCNTs:CTAB 10:14 mg/mg TE materials as a function of temperature. The 

thermoelectric material characterization measurements were performed using the Linseis-TFA 

instrument. TFA has an integrated microchip, where the thermal conductivity and Seebeck 

measurement are performed using a hotwire setup located on a suspended membrane setup. The 

membrane part (TH) can be heated independently from the surrounding chip, which is kept at room 

temperature (TC). Τhe outstanding 𝜎 of 2065 S/cm and 1474 S/cm are noteworthy as well as the 
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notably high 𝑆 of 38.6 μV/K and −41.8 μV/K at ΔΤ=150K (𝑇𝐶=25°C). These result to the 

significantly enhanced PFs of 308 μW/mK
2
 and 258 μW/mK

2
 for the printed p- and n-type organic 

TE materials respectively. The measured 𝜅 values for the TE thin films are 0.15 W/mK and 0.12 

W/mK for the p- and n-type thin films at room temperature and decrease as the temperature 

increases, which is consistent with previous studies 83-85. 

Finally, the ultrahigh 𝑧𝑇 of 1.14 and 1.21 at ΔΤ=150K, provide the extraordinary conversion 

efficiencies of 6.26% and 6.56% for the p- and n-type TE materials respectively, which is among 

the highest value ever reported for organic TE materials 31, 86, 87. It is also worth noting the 

remarkable power factors of 145 μW/mK2 and 127 μW/mK2 for the p-type and n-type films 

respectively at room temperature. As these values result from low-cost, non-toxic, abundant, 

flexible and facile to manufacture TE materials, the future of organic thermoelectrics proves to be 

promising.  

 
Figure 7. Thermoelectric performance of (a) p-type and (b) n-type TE materials as a function of 

temperature. 

4.6. Performance and demonstration of OTEG device 

The fabricated OTEG device exhibits an outstanding performance, which is due to the excellent 

TE properties of the p- and n-type printed and flexible thin films using the well dispersed SWCNT 

inks. When the fabricated OTEG is exposed to a temperature difference (ΔT) between the center 
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and both sides of the module in the in-plane direction, a significant voltage is generated due to the 

Seebeck effect. Figure 8 illustrates the measured thermoelectric performance of the OTEG device 

in various steady ΔΤ. All tests were performed in ambient conditions without encapsulation (1 

atm, TC≃25°C, relative humidity: 50±5% RH). Τhe printed and flexible OTEG module with 

dimensions of 30 cm × 7 cm × 110 μm, exhibits a thermopower of 7791 μV/K at ΔT=100K 

(TH=125°C), which is 92% consistent with the theoretically calculated values of 8468 μV/K. A 

should be noted, the novel OTEG device architecture shows excellent TE performance for each 

thermoelement, without the need for metallic interconnections. This is mainly due to the high 

conductivity of the SWCNTs, as well as the short interconnection distance between the 

thermoelements. As aforementioned, the contact resistance between the metal electrode and the 

CNTs is higher than the resistance of the metal or the CNT itself, resulting in reduced power output 

61, which is not the case in the proposed OTEG, where highly conductive SWCNTs are solely 

employed. 

The open-circuit voltage VOC=1.05 V and short-circuit current ISC=1.30 mA were achieved at 

ΔT=150 K (TH=175°C) with an internal resistance RTEG=806 Ω. This resulted to the ultra-high 

power output of 342 μW, as shown in Figure 8 and Figure 9. The power density of the OTEG can 

be determined by the following equation 88. 

𝑃𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑃𝑚𝑎𝑥

𝑁 ∙ 𝐴
=

(𝑁 ∙ 𝑆 ∙ 𝛥𝑇)2/4 ∙ 𝑁 ∙
𝑙

𝜎 ∙ 𝑤 ∙ 𝑑
𝑁 ∙ 𝑤 ∙ 𝑑

=
𝑆2 ∙ 𝜎

4𝑙
∙ 𝛥𝑇2 

(3) 

where N is the number of the thermoelement, A represents the area of the thermoelement, w, d, 

and l are the width, thickness, and length of the thermoelements respectively. The achieved 

maximum power density of the OTEG device is 1.79 W/m2 and 7.38 W/m2 at ΔΤ=50K and 
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ΔΤ=150K respectively (TC=25°C). The specific power (estimated by dividing the measured Pmax 

by the total mass of the module) is 0.65 mW/g and 3.69 mW/g at ΔΤ=50K and ΔΤ=150K 

respectively, which is among the highest values ever reported for printed organic thermoelectric 

generators 10, 24, 28, 31, 41, 57, 66 88-94. Supplementary Figure 5 illustrates a comparison between the 

power factors of our printed p- and n-type organic TE materials as well as the power density 

between our flexible OTEG device with the reported ones. 

Figure 9 depicts the OTEGs’ performance at ΔΤ=150K as well as potential applications for the 

fabricated OTEG module on a human arm and on a heated tube of a working radiator. When the 

human arm is in touch with the central active stripe of the OTEG, while the side-ends of the module 

are insulated with styrofoam, a large Seebeck voltage of 71 mV is rapidly observed (Figure 9c-d) 

at room temperature (TC~25°C). During the wearable application of the OTEG, a short-circuit 

current of 119 μA and a power output of 2.1 μW was achieved at ΔT=6 K, a temperature difference 

that can be easily achieved between a human body and the external environment as also have been 

reported in previous studies 61, 93-96.  

 

Figure 8. Thermoelectric performance of OTEG in various ΔT. (a) Voltage-Current (V-I), Power-Current 

(P-I) curves and (b) Voltage-Load resistance (V-RLOAD), Power-Load resistance (P-RLOAD) curves. 
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Figure 9. OTEG-device performance at (a-b) ΔΤ:150K. Application of OTEG-device at (c-d) a human 

arm and (e-f) at a heated tube of a working radiator. 

 

It is therefore demonstrated that the manufactured OTEG can be an effective device for harvesting 

biothermal power, thus giving great potential for energy-harvesting wearables as shown in Figure 

8 and Figure 9c-d. As will be further demonstrated, the very good flexibility of the OTEG 

facilitates its use for these applications. A more detailed description of the thermoelectric 

performance and the wearable design of the OTEG can be found in Supplementary Figures 5 and 

6 respectively. As aforementioned, the OTEG was also placed around the hot tube of a working 

radiator. Typically, the inlet water temperature for a working radiator is ca. 75°C. For a room 

temperature ca. 25°C, the OTEG has achieved a stable power output of 66 μW at ΔΤ=50Κ. Both 
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simple experiments indicate that common waste heat in the ambient environment can efficiently 

be converted to electric energy by using our flexible OTEG device.  

In addition to the previous study, the OTEG was employed to charge a commercial step-up 

converter (Advanced Linear Devices- EH4295) and power up a green LED. ALD-EH4295 step-

up converter has a fixed internal voltage of 1.6V and must be increased to 3.8V to be able to power-

up an electronic component. In order to start charging the ALD-EH4295, the input power must 

exceed the minimum value of 2 μW. The OTEG device can generate 2.1 μW at ΔΤ=6K which is 

the case in contact with the human body surpassing the minimum 2 μW power requirement for the 

initiation of the charging of the EH4295. Under these conditions it was possible to power up the 

green LED after 3478 seconds (~58 minutes) of charging. Figure 10 depicts the time required of 

the OTEG to charge the commercial EH4295 step-up converter in various temperatures. For 

ΔΤ=50K and ΔΤ=150K, charging times of 208 sec and 48 sec respectively are achieved to step-

up the voltage from 1.6V to 3.8V and power up a green LED. Figure 11 illustrates the experimental 

setup and the electronic board with the EH4295 step-up converter used to power up a green LED 

at ΔΤ=100K and in contact with the human body (at ΔΤ=6). 
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Figure 10. The elapsed time required to charge a commercial step-up converter (ALD-EH4295) using the 

generated power form the OTEG device in order to power a green LED (a) at four different temperatures 

and (b) at three different temperatures. 
 

 

Figure 11. The experimental setup and the electronic board with the EH4295 step-up converted used to 

power up a green LED (a-b) at ΔΤ=100K and (c-d) in contact with the human body. 
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4.7. Flexibility tests of the OTEG device 

In recent studies, various TEG devices based on organic TE materials are fabricated 17, 27, 28, 51, 53, 

97, 98. However, they demonstrate low performance due the relatively low PFs of the constituent 

TE materials. Inspired by our research results described above, we fabricate a novel-configuration 

of all-carbon fully printed, highly flexible and efficient TEG module based on non-toxic SWCNT 

aqueous dispersions. 

A quantitative measurement of the bending radius of the fabricated module was conducted by 

rolling the OTEG device onto a round object. The flexibility of TEG device is essential so that the 

active area comes in close contact with the heated surface. This is indispensable for heat sources 

with irregular surfaces in order to take advantage of ubiquitous waste heat. A conventional TE 

module with a π shaped configuration consists of p- and n-type TE materials, which are electrically 

connected in series by metallic interconnections. In addition, dozens of gold or silver nanometers 

are usually deposited as top electrodes on each thermoelement in order to decrease the contact 

resistance. Compared with a conventional TEG, our module does not contain brittle metallic 

interconnections between p- and n-type thermoelements exhibiting excellent flexibility as shown 

in Figure 12.  

Figure 12a illustrates the resistance change ratios of the fabricated OTEG as a function of bending 

radius ranging from 5 cm to 1.5 cm in the short (A-A’) and long axis (B-B’) directions. The 

resistance change ratio is defined as ΔR/R0, where R0 refers to the initial internal resistance of the 

OTEG module and ΔR refers to the resistance difference between the real-time resistance tested 

under special operation and R0 (ΔR=R- R0). When the OTEG was bent along the A-A’ and B-B’ 

axis up to a radius of 1.5 cm, the resistance change ratio of the module was 0.4% and 1.3% 
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respectively, or else, the total internal resistance change is negligible, as shown in Supplementary 

Figure 7. 

Figure 12b shows the ΔR/R0 vs the generated voltage after multiple bending repetitions for a radius 

of 3 cm. After 1000 bending cycles, the ΔR/R0 of the module were 0.8% and 1.9% at the A-A’ and 

B-B’ axis respectively. At the same time and for ΔT=150°C (TH=175°C), the output voltage of the 

device remained almost constant. In Figure 12c the ΔR/R0 vs the increase of the temperature of 

the module is depicted. As can be observed, it exhibits an almost linear behavior with an average 

increase of 2.5% per 10°C. Finally, as shown in Figure 12d, the endurance of the OTEG was 

studied over 100 heating cycles, where the internal resistance of the module as well as the 

generated voltage of device remained remarkably constant. Concluding, it is demonstrated that the 

developed OTEG module possesses remarkable flexibility, stability and endurance, which renders 

it a highly reliable organic thermoelectric generator capable for both energy-harvesting wearables 

as well as for high-temperature applications up to 200°C. 
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Figure 12. Flexibility and reliability tests of the developed OTEG device. (a) Resistance change ratios 

(ΔR/R0) of the OTEG in bending state with various radii. (b) ΔR/R0 and generated voltage in different 

bending cycle at ΔT =150°C. (c) ΔR/R0 as a function of temperature. (d) The repeatability of the ΔR/R0 

as well as the generated voltage of the OTEG over 100 heating cycles at ΔT =150°C. 

 

5. CONCLUSIONS 

In this work, we develop non-toxic, facile, low-cost, high-temperature resistant, air-stable and 

flexible p- and n-type organic TE films based on aqueous SWCNT dispersions. Moreover, we 

demonstrate a novel-designed fully printed, all-carbon and flexible organic thermoelectric 

generator (OTEG) with extraordinary TE performance, consisting of p- and n-type thermoelectric 
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between the p-/n- thermoelements to minimize the circuit resistance due to their superior electrical 

conductivity, while providing excellent flexibility 61. The optimum p-type film of SWCNTs:SDBS 

10:10 mg/mg and n-type film of SWCNTs:CTAB 10:14 mg/mg, exhibit the remarkable PFs of 

308 μW/mK2 and 258 μW/mK2 respectively at ΔT=150 K (TH=175°C). In addition, a long-term 

stability in air without encapsulation with negligible loss in electrical conductivity and Seebeck 

coefficient (~3% during a 3.5-month test period) was observed. Furthermore, the proposed in-

plane architecture of thermoelements, exhibits extraordinary stable overall TE performance for 

various ΔΤ as a function of time, conversely to the short thermoelements of conventional through-

thickness TEGs, which lead to a rapid increase of TC close to TH and an attenuated power output 

79. The novel-design OTEG exhibits an ultra-high open-circuit voltage VOC=1.05 V and short-

circuit current ISC=1.30 mA at ΔT=150K (TH=175°C) with an internal resistance RTEG=806 Ω. As 

a result, the remarkable power output of 342 μW is achieved, which is among the highest values 

ever reported for printed and flexible organic thermoelectric generators. It is also worth noting the 

remarkable power factors of 145 μW/mK2 and 127 μW/mK2 for the p-type and n-type films 

respectively at room temperature. The reported high efficiencies achieved via non-toxic aqueous 

TE inks, providing huge potential for printable, roll-to-roll (R2R) or sheet-to-sheet (S2S) large-

scale industrial production of organic thermoelectric generators, with a high impact to the 

renewable energy sources market. 
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