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ABSTRACT: Energy harvesting through residual heat is considered one of the most promising 

ways to power wearable devices. In this work, thermoelectric textiles were prepared by coating 

the fabrics, first with multiple-wall carbon nanotubes (MWCNTs) by using the layer-by-layer 

technique, and second with poly(3,4-ethylenedioxythiophene) (PEDOT) deposited by 
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electrochemical polymerization. Sodium deoxycholate and poly(diallyldimethylammonium 

chloride) were used as stabilizers to prepare the aqueous dispersions of MWCNTs. The 

electrochemical deposition of PEDOT on the MWCNT-coated fabric was carried out in a three 

electrodes electrochemical cell. The polymerization of PEDOT on the fabric increased the 

electrical conductivity ten orders of magnitude (through the plane), establishing an excellent path 

for the electric transport across the fabrics. In addition, the fibers showed a Seebeck coefficient 

of 14.3 µV K−1, which is characteristic of highly doped PEDOT. As a proof of concept, several 

thermoelectric modules were made with different elements based on the coated acrylic and 

cotton fabrics. The best generator made of 30 thermoelectric elements using acrylic fabrics 

exhibited an output power of 0.9 µW with a temperature difference of 31 K.

Introduction 

The demand for wearable electronic devices has increased enormously in the last years, being 

biomedical devices, such as blood pressure, temperature, and glucose sensors, one of the main 

applications. An ideal scenario is the integration of these devices into textiles, which can results 

in high flexibility, wear resistance, and easy integration in clothes.1-3 Wearable electronic devices 

are indeed used in a wide variety of applications, including pressure sensors, 4, 5 photovoltaics,6, 7 

supercapacitors,8, 9 and wearable power generator devices.10, 11. The main problem in all cases is 

the need for a power supply, typically in the form of batteries and supercapacitors, which have 

the need to be recharged.12

Thermoelectric materials can harvest thermal energy into useful electrical energy. A 

thermoelectric device converts thermal into electrical energy, and vice versa. The thermoelectric 

efficiency of a material is given by the dimensionless figure of merit, , where  is 𝑍𝑇 = 𝑆2𝜎𝑇 𝜅 𝑇
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the absolute temperature; and , , and  are the Seebeck coefficient, electrical conductivity, and 𝑆 𝜎 𝜅

thermal conductivity, respectively.13

The total heat dissipation power of an adult human body, by assuming that the body 

temperature is 37 °C at rest, is approximately 116 W.14, 15 The theoretical maximum efficiency 

obtained when a heat engine is operating between two temperatures, the Carnot (ηC) efficiency, 

is given by the equation

(1)𝜂𝐶 =
𝑇hot ― 𝑇cold

𝑇cold
× 100

where  is the body temperature and  is the ambient temperature. If the ambient 𝑇hot 𝑇cold

temperature varies between 263 and 308 K, the Carnot efficiency will decrease from 17.87% to 

0.65%. Therefore, the maximum power available is obtained by assuming a body temperature of 

37 °C and an ambient temperature of −10 °C,16 enabling the production of electric power from 

the human body with a highly efficient thermoelectric device and supplying energy to wearable 

devices without the need of recharging. 

For the previous reasons, the development of wearable flexible thermoelectric generators has 

been an active subject of study in recent years. For example, Leonov et al.17 integrated ceramic-

based thermoelectric generators (TEGs) based on Bi2Te3 into clothing along with a heatsink 

reaching a power supply of 100 µW/cm3 at room temperatures. Other studies were focused on 

the development of printed flexible thermoelectric devices. Cao et al.18 used inorganic 

thermoelectric materials (Bi1.8Te3.2 and Sb2Te3) mixed with a binding polymer (epichlorohydrin 

polyglycol-based epoxy) to produce a screen-printable paste reaching a power supply of 2304 

nW with ΔT = 20 ºC. However, the vast majority of TEGs made from textiles depicts low 

flexibility or contain heavy and toxic metals, limiting their practical use.
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Looking at this scenario, the selection of materials to make high performing TEG devices is 

crucial. Due to its high electrical conductivity, flexible nature, environmental stability, and facile 

synthesis, conducting polymers are good candidates to develop wearable thermoelectric devices, 

considering that the figure of merit has been improved several orders of magnitude due to 

effective doping mechanisms.13, 19-27 However, the main problem of conductive polymers is to 

show their maximum thermoelectric efficiency in thin films that involves the manufacture of 

high internal resistance devices, not suitable for energy production.28 Another problem of 

conductive polymers is their low adhesion to the fabric substrates, which causes a continuous 

exfoliation that progressively decreases the conductivity.29 In this context, the electrochemical 

synthesis of conductive polymers on fabrics coated with carbon nanotubes (CNTs) could be an 

alternative to prevent exfoliation, since polymerization occurs on CNTs, which can adhere 

strongly to the fabric by using compatibilizing agents like polydopamine (PDA), in which the 

catechol and amine groups ensure strong adhesion.30 In addition, the electrochemical synthesis is 

also a good method to control the growth of the film on the fabric substrate.31 Furthermore, it 

allows for easily controlling the level of doping with an electrochemical cell. Accordingly, 

thermoelectric properties can be controlled to achieve a maximum efficiency.19, 20, 32

In this study, we develop flexible thermoelectric devices based on multiple-wall carbon 

nanotubes (MWCNTs) and poly(3,4-ethylenedioxythiophene) (PEDOT). First, MWCNTs are 

deposited by the layer-by-layer technique to coat the fabric, making it thereby conductive. Then, 

PEDOT:ClO4 is polymerized over the fabrics by electrochemical polymerization from the 

monomer.
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Experimental Section

Materials. Poly(diallyldimethylammonium chloride) (PDADMAC) with a molecular weight of 

105–2 × 105 g mol−1 and sodium deoxycholate (DOC) were purchased from Sigma-Aldrich. 3,4-

Ethylenedioxythiophene (EDOT), lithium perchlorate, and acetonitrile were purchased from Alfa 

Aesar. Multiple-wall carbon nanotubes (MWCNTs) were obtained from Bayer Material Science 

(Leverkusen, Germany, 12–15 nm outer and 4 nm inner wall diameter, length > 1mm, purity 

95 wt %). Cotton fabric 400 with a grammage of 100 g m−2 was purchased from Testfabrics Inc. 

(West Pittston PA, USA). Acrylic fabric (made by polyester fibers) with a grammage 140 g m−2 

and 0.8 mm of thickness was purchased from MW Materials World (Barcelona, Spain). All 

chemicals were used as received.

Preparation of MWCNT-fabric. Cotton and acrylic fabrics materials were coated with 

MWCNTs by layer-by-layer deposition to obtain a conducting material. First, fabrics were 

washed in an ultrasound bath with ethanol for 15 min and dried at 70 ºC overnight. 

Subsequently, they were dipped in a solution of PDADMAC (0.25 wt%) containing MWCNTs 

(0.05 wt%) for 2 min. After this process, the fabric was washed with water and drained. Finally, 

the fabric was dipped in a solution of DOC (0.5 wt %) with MWCNTs (0.5 wt%). The non-

attached elements were removed by several washing steps and drained. These two sequential 

depositions of MWCNTs correspond to one cycle referred to as bilayer (BL). The fabrics were 

coated with 20 BLs of MWCNTs.

Synthesis of PEDOT on MWCNT-fabrics. The synthesis of PEDOT on MWCNT–fabrics was 

carried out by electrochemical polymerization applying a current intensity of 6 mA for 4 h. A 

solution containing EDOT (0.01 M) and LiClO4 (0.1 M) in acetonitrile was prepared. The 

electrochemical cell was formed by three electrodes: a counter electrode (platinum grid), a 
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reference electrode (Ag/AgCl), and the MWCNT–fabric, the latter used as the working electrode. 

The working electrode was assembled as follows to avoid contact between the electrochemical 

solution and the copper electrodes: the MWCNT–fabric was placed between two pieces of 

polyethylene terephthalate–indium tin oxide (PET–ITO), one of them connected to a copper tape. 

Then, PET–ITO sheets with the fabric in between, held with a clamp. The polymerization was 

carried out in a galvanostatic mode at 6 mA for 4 hours in an IVIUM n-stat apparatus to cover 

with PEDOT all the dipped part of the fabric. After polymerization, the MWCNT–PEDOT fabric 

was rinsed several times with acetonitrile and ethanol.

Assembly of thermoelectric modules. The thermoelectric modules were assembled as 

represented in Figure 1. MWCNT–PEDOT fabrics were cut in small pieces (0.5 cm2) and 

attached to a piece of pristine cotton fabric to insulate all the thermoelectric elements in the 

generator. The bottom and top parts were covered with copper tape (0.5 cm2) and electrically 

connected with aluminum wires thermally bounded with tin. The thermoelectric modules were 

composed of 20 and 30 elements, all connected in series, as shown in Figure 1(b).

Sn

(a)

(b)

Adhesive copper foil Aluminium wire

MWCNT/PEDOT:ClO4 fabric
Silver paste

Sn

Figure 1. (a) Schematic representation of each element of the thermoelectric module, and (b) 

photograph of the thermoelectric module.
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Characterization. The electrical conductivity was measured in a Novocontrol Broadband 

dielectric spectrometer (Hundsagen, Germany), integrated by an SR lock-in amplifier with an 

Alpha dielectric interface to carry out the measurements in the frequency range 10−2 to 106 Hz. 

During all DRS experiments, the samples were placed under a steady flow inert N2 atmosphere 

to avoid moisture uptake. Disc-shaped samples of 10 mm of diameter and an approximate 

thickness of 0.12 mm were mounted in the dielectric cell between two parallel cylindrical gold-

plated electrodes. The sample thickness was accurately determined with a micrometer screw. 

Isothermal measurements (room temperature) were carried out at forty-four frequencies between 

5·10−2 and 3·106 Hz. The experimental uncertainty was less than 5% in all cases.

A home-made device was used for Seebeck effect measurements. The experimental setup 

consists of two copper blocks, one heated by an electrical resistance and the other cooled by a 

water flow. The sample is placed between these two blocks. A temperature difference is created 

across the sample, and the resulting voltage is recorded. The Seebeck coefficient, S, can be 

determined as the ratio between the electrical potential, V, and the temperature difference, T, 

that is

(2)𝑆 =
∆𝑉
∆𝑇

The temperature is controlled by a Lakeshore 340 temperature controller and two Pt100 

resistors previously calibrated. An Agilent 34401A multimeter switching system was employed 

to record the potential. The temperature controller and the multimeter were controlled by using a 

self-written LabView software. The power supplied was calculated using the expression

(3)𝑃 =
∆𝑉2

𝑅𝐿

where ΔV is the voltage across the contacts and RL is the load resistance.
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The morphological characterization was carried out by using a Hitachi 4800 S field-emission 

scanning electron microscope (FE-SEM) at an accelerating voltage of 20 kV and a working 

distance of 14 mm for palladium-gold coated surfaces.

Raman spectroscopy was performed in a Horiba-MTB Xplora spectrometer with an excitation 

wavelength of 514 nm. The Raman signal was measured with an open-electrode CCD detector in 

the 200–2000 cm−1 range and the acquisition time was 50 seconds.

The flexibility and stability of the fabrics were carried out in a home-made device. Five 

twisting cycles of 360º were carried out for each fabric measuring electrical conductivity every 

30º, holding the ends of the fabric with two clamps. Bending tests were performed by using a 

cylinder of 2 cm of diameter and measuring electrical conductivity every 100 bendings.

Results and Discussion

The coating of the fabric surface followed the procedure schematically depicted in Figure 2.33 

MWCNT suspensions were stabilized either with poly(diallyldimethylammonium chloride) 

(PDADMAC, cationic polyelectrolyte) or with sodium deoxycholate (DOC, anionic surfactant). 

The assembly of MWCNT bilayers (BLs) is controlled by the electrostatic interaction of these 

two oppositely charged substances. To optimize the MWCNTs coating process, the cotton and 

acrylic fabrics were coated with 10, 20, and 30 BLs. The results indicate that the conductivity 

increases until 20 BLs and reaches a plateau afterward, presumably due to saturation. For the 

cotton fabric, a plateau is reached after 20 BLs with a conductivity of 2.03 × 10−6 S cm−1, while 

for the acrylic fabric, the plateau at the same number of BLs reaches a value around 1.5 × 10−7 S 

cm−1. Since no improvement in the conductivity is observed after 20 BLs, we used this number 

of layers in the subsequent experiments of polymerization of EDOT on the fabrics.

Page 8 of 27
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By using the MWCNT-coated fabric as a working electrode, the effective polymerization of 

EDOT is achieved by applying a current intensity to the working electrode (MWCNT–fabric).33 

The polymerization mechanism proceeds as follows. Two monomer radicals are initially 

generated through electrochemical oxidation. Subsequently, the radicals react with each other, 

forming a dimer and releasing two protons. A new electrochemical oxidation forms an 

oligomeric radical, which results in the polymer by reacting successively with other oligomeric 

or monomeric radicals. The electrochemical polymerization of EDOT on the fabrics is also 

shown in the representation of Figure 2. LbL assembly of MWCNTs by electrostatic interactions 

was used to coated the fabrics, followed by the electrochemical synthesis of PEDOT:ClO4. At 

the beginning of the electrochemical deposition, small polymer nuclei form and serve as centers 

from which the conductive coat grows.

Fabric Fabric coated with
MWCNTs

Polymerized fabric

LbL assembly of 
MWCNTs

Electrochemical
deposition of 

PEDOT

Figure 2. Schematic representation of the preparation of PEDOT by electrochemical deposition 

on fabric substrates coated with carbon nanotubes through layer-by-layer (LbL).
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The effect of the different coatings was analyzed by Raman and infrared spectroscopies 

spectroscopy, but the latter (spectra shown in Supporting Information, Figure S6) did not offer 

significant information on the coatings, because the intensities of the MWCNT bands and, 

especially, PEDOT are weak. However, it can provide information about the nature of the fabrics 

used. Raman spectra corresponding to cotton fabric substrates, presented in Figure 3, show two 

regions of signals: 1750–800 cm−1 and 610–200 cm−1. The bands in the first region are related to 

skeletal, symmetric, and asymmetric glycosidic ring breathing (at 1040 and 1128 cm−1), 

methylene (CH2) bending, rocking, and wagging (at 1508, 1460, 1356 and 969 cm−1).34, 35 The 

second region is given by CCC and COC ring deformation (at 478, 394, 355, and 310 cm−1).36 

Spectra of acrylic substrates present different vibrational modes at 610 and 1274 cm−1 related to 

the C–C aliphatic chain vibration. The peaks at 840 cm−1 and 1082 cm−1 correspond to the 

symmetric C–O–C deformation and asymmetric C–O–C deformation, respectively; the peak at 

1604 cm−1 is related to the aromatic ring chain vibration; and, finally, the peak at 1720 cm−1 

corresponds to the carbonyl vibration of the ester group. After the coating process of the fabrics 

with the carbon nanotubes, the intensity of the Raman peaks related to the fabrics decreased and 

appeared the peaks corresponding to the MWCNTs. The D-band at around 1300 cm−1 is ascribed 

to the presence of disorder in sp2-hybridized carbon systems. The peak around 1600 cm−1 is 

related to the G-band, which corresponds to sp2 vibrations of the graphite crystal and is 

associated with an ordered graphitic structure.37 Finally, after the electrodeposition of PEDOT, 

the Raman intensity of the peaks related to the fabrics and the MWCNTs decreased. Therefore, 

the Raman peaks observed are mainly attributed to the vibrational modes of PEDOT. Peaks at 

around 420, 560, and 980 cm−1 are related to the vibrational modes of oxyethylene ring. The 

symmetric C–S–C and C–O–C deformation appears at 690 and 1120 cm−1, respectively. The Cα–

Page10 of 
27
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Cα (inter-ring) and Cβ–Cβ stretching modes are located at 1252 and 1363 cm−1, each one. The 

peak at 1430 cm−1 corresponds to the symmetric stretching mode Cα= Cβ(–O), and the 

asymmetric stretching of C=C appears into two Raman peaks at 1490 cm−1 (overlapped with the 

previous peak) and 1530 cm−1.19 These spectra clearly indicate that all fabrics were well-coated 

with MWCNTs and PEDOT.

Figure 3. Raman spectra of fabric substrates coated with MWCNT and after PEDOT deposition 

based on (a) cotton and (b) acrylic fabrics.

The morphology of the PEDOT deposited on the fabrics was studied by scanning electron 

microscopy (SEM). Micrographs of both fabrics (Figure 4) show that, after deposition, 

MWCNTs were homogeneously distributed around the fibers, as judged from the lack of 
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agglomerates. Some bridges observed between fabrics correspond to MWCNTs that electrically 

connect the fibers. After electrodeposition of PEDOT on the fabrics covered with MWCNT, the 

polymer is homogeneously distributed around the fabric. SEM images indicate that PEDOT is 

not only deposited on the superficial layer, but also on most of the internal fibers. PEDOT 

depicts globular or cauliflower-like morphology, typical from the electrochemical deposition of 

conducting polymers using chronopotentiometry method.19, 38, 39

Co
tt

on
Ac

ry
lic

fa
br

ic

Uncoated fabric Coated with MWCNTs Polymerized fabric

(b)

10 µm

(f) (j)

(l)(h)(d)

(k)

10 µm

(g)

10 µm

(c)

10 µm

(a)

100 µm

(e)

10 µm

(i)

10 µm

10 µm 10 µm

10 µm 10 µm 10 µm

100 µm 100 µm

100 µm 100 µm 100 µm

Figure 4. SEM images of uncoated fabrics (a–d), coated with MWCNTs (e–h), and after EDOT 

polymerization (i–l).

Page 12 of 27
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The real component of the complex conductivity ' = ac (S cm−1) of the fabrics covered with 

MWCNTs and PEDOT was determined as a function of frequency at room temperature, as 

showed in Figure 5 for cotton and acrylic fabrics. The electrical conductivity of fabric samples 

without coating increases as a function of the frequency from 10−11 to 10−7 S cm−1 in the case of 

cotton, and from 10−15 to 10−9 S cm−1 for acrylic samples, reflecting the dipole polarization 

contribution to macroscopic conductivity. After the deposition of 20 BLs of MWCNTs onto the 

fabric samples, the electric conductivity increases, reaching a constant value, independent of the 

frequency, reflecting that polarization due to charge migration is dominant. Then, PEDOT was 

deposited by electrosynthesis onto fabrics covered by 20 BLs of MWCNTs, increasing the 

conductivity by 5 and 6 orders of magnitude for cotton and acrylic fabrics, respectively, 

compared to fabrics covered with only MWCNTs. The significant increase in the electrical 

conductivity results from the presence of PEDOT, which acts as an electrical connector between 

the fibers covered with MWCNTs, making a highly electrically conductive fabric network. 

Nevertheless, the higher thickness of the acrylic fabric compared to the cotton fabrics can be 

responsible for the differences observed in the values of the conductivity of both samples. The 

higher number of interfaces and boundaries in acrylic fabric affect electric transport through the 

sample, being lower than in the cotton fabric.
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Figure 5. Electrical conductivity at room temperature as a function of the frequency and Seebeck 

coefficient for cotton fabrics (a, b) and acrylic fabrics (c, d). Uncoated fabrics are represented in 

black, coated with MWCNTs in red, and after EDOT polymerization in blue.

The Seebeck voltage was measured as a function of the temperature gradient for the fabrics 

coated with MWCNTs and MWCNTs/PEDOT. It should be noted that the Seebeck coefficient of 

the uncoated fabrics could not be measured due to its insulating nature. For the case of the 

fabrics coated with MWCNTs, the Seebeck coefficient was 9.7 µV K−1 and 6.7 µV K−1 for 

cotton and acrylic fabrics, respectively. After PEDOT deposition by electrochemical 

polymerization, the Seebeck coefficient of the fabrics increases until values around 15 µV K−1. 

These values are very similar to typical ones of PEDOT films and other fabrics coated with 
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PEDOT,25, 40-44 evidencing that the whole fabric is coated by PEDOT, which is consistent with 

the SEM observations (Figure 4).

For the development of fabric-based wearable thermoelectric devices, it is important to 

evaluate their flexibility and firmness to ensure their stability during everyday use. Therefore, the 

flexibility and stability of the fabrics coated with MWCNTs and PEDOT were evaluated as a 

function of the electrical conductivity. For this purpose, five twisting cycles were carried out. 

The corresponding data, shown in Figure 6, indicate that the electrical conductivity increases as 

the torsion angle increases, as a result of the improvement of the interconnection between the 

fibers of the fabrics. This increase is more remarkable in the case of acrylic fabric, which can be 

correlated with a decrease in the number of boundaries while twisting. The electrical 

conductivity only decreases as the torsion cycles vary due to the wear that this causes on the 

fabric. Bending tests, also performed on both fabrics, show that after 3000 bending cycles the 

electrical conductivity drops by 5% for the case of cotton fabrics and 3% for the acrylics, thus 

showing high flexibility and stability of the fabrics.
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Figure 6. Torsion tests for fabrics coated with MWCNTs (a, b) and after EDOT polymerization 

(c, d). Bending tests for cotton fabrics (e) and acrylic fabrics (f).

Page 16 of 27
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To test the thermoelectric performance of the fabrics, three thermoelectric modules were built as 

explained in the Experimental Section (Figure 1). The corresponding results are shown in 

Figure 7. The maximum power of the generator based on cotton fabrics was 47 nW with a 

temperature difference of 9 K. The other two generators based on acrylic fabrics allowed higher 

temperature gradients, between 25 and 30 K. This observation can be explained by a greater heat 

dissipation along with the thermoelectric elements. Thus, the power output increased until 0.3 

µW and 0.9 µW for the generator with 20 and 30 elements, respectively, as observed in Figure 7 

(b)–(c). In addition, it is worth to highlight the lower internal resistance of the thermoelectric 

generators (lower than 40 Ω), which indicates that the architecture of the device is adequate for 

the electron propagation across the thermoelectric elements. These results look very promising 

when compared to other thermoelectric devices based on fabrics coated with PEDOT:PSS using 

polyester fabric 16 or using a cleanroom wiper fabric,43 where they show a TGE with a power 

output of 12.29 nW at ΔT = 75.2 K and 2 nW at ΔT = 0.6 K, respectively. Other works based on 

vapor phase polymerization of PEDOT:Cl onto cotton textiles44 or the deposition of PEDOT:Tos 

with ionic liquid in different textiles,29 reached a power output of 4.5 nW at ΔT = 25 K and 

62 nW at ΔT = 100 K, respectively. On the other hand, the results obtained are more similar to 

those obtained by bulk synthesis of PEDOT: Cl (power output 0.375 μW at ΔT = 16.5 K),45 by 

alternative doping of carbon nanotube fibers with PEDOT: PSS and oleamine wrapped with 

acrylic fibers (power output 4.64 μW at ΔT = 44.4 K),46 or by dipping cotton cellulose fibers 

with a solution of PEDOT: PSS and ethylene glycol (power output density 2.6 μW·cm−2 at ΔT = 

48.5 K),47 thus indicating that MWCNTs coated acrylic fabrics and subsequently the 

electrochemical deposition of PEDOT: ClO4 are a good alternative for the manufacture of 

textile-based TEGs.
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Figure 7. Power generated by the thermoelectric modules composed by (a) 20 elements of 

cotton/MWCNTs/PEDOT at ΔT= 9 K, (b) 20 elements of acrylic fabric/MWCNTS/PEDOT ΔT= 

25 K and (c) 30 elements acrylic fabric/MWCNTS/PEDOT ΔT= 31 K.

Conclusions

Thermoelectric textiles were prepared by coating fabrics with multiple wall carbon nanotubes 

(MWCNT) through layer-by-layer (LbL) and by electrochemical polymerization of poly(3,4-

ethylenedioxythiophene) on its surface. SEM images show that the coating of the acrylic and 

cotton fabrics with carbon nanotubes is homogeneous and, consequently, the polymerization of 

the EDOT was also homogeneously carried out on all fibers, increasing the conductivity of the 
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fabrics by more than ten orders of magnitude. This fact represents a breakthrough in the 

development of smart textiles and the incorporation of body heat generators since it allows the 

inclusion of thermoelectric elements into clothes. Moreover, acrylic fabric showed a better 

performance for fabric-based thermoelectric generators than cotton, because it allows us to 

establish a higher temperature gradient, and the output power is two orders of magnitude higher.
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Supporting Information. Additional characterization of fabrics coated with different BLs of 
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