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 ABSTRACT 

Plastic thermo-electrochemical cells (thermocells) involving aqueous potassium

ferricyanide/ferrocyanide electrolyte have been investigated as an alternative to

conventional thermoelectrics for thermal energy harvesting. Plastic thermocells

that consist of all pliable materials such as polyethylene terephthalate (PET),

fabrics, and wires are flexible enough to be wearable on the human body and

to be wrapped around cylindrical shapes. The performance of the thermocells

is enhanced by incorporating carbon nanotubes into activated carbon textiles,

due to improved charge transfer at the interface. In cold weather conditions (a

surrounding temperature of 5 °C), the thermocell generates a short-circuit current

density of 0.39 A/m2 and maximum power density of 0.46 mW/m2 from body heat

(temperature of 36 °C). For practical use, we have shown that the thermocell

charges up a capacitor when worn on a T-shirt by a person. We also have 

demonstrated that the electrical energy generated from waste pipe heat using

a serial array of the thermocells and voltage converters can power a typical

commercial light emitting diode (LED). 

 
 

The human body consistently maintains its temperature 

at 36 °C for its whole life and simultaneously releases 

thermal energy of about 100 watts to the surroundings 

[1]. Based on Carnot efficiency, a maximum power of 

about 5 watts [2]—which is equivalent to the power 

needed to operate a portable smart electronic device— 

is available from the released body heat [3]. Recently, 

low power technology has become more feasible, due 

to the progressive advances in electronic devices, so 

that the energy scavenged from body heat is expected 

to either replace or augment battery usage [4, 5]. 

Thermoelectric generators are envisioned as a host 

for harvesting low-grade thermal energy. In the past 

decades, numerous advances have been made in 

thermoelectric devices [4, 6–10], the basic unit of which 

typically consists of n-type and p-type semiconductors. 

However, the relatively small thermoelectric coefficient 

(~tens of microvolts per Kelvin) is the main obstacle 
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to harvesting of thermal energy, which is typically 

available at temperatures below 100 °C [11]. Moreover, 

there still remain obstacles such as rare and fragile 

thermoelectric materials and complicated fabrication 

processes being required [12, 13]. 

In the present study, we report an efficient method 

that converts low-grade waste thermal energy such 

as heat released from the human body into electricity 

using an all-carbon electrode with hierarchical porosity 

that is designed for a thermal electrochemical cell (ther-

mocell). The thermocell presented here utilizes the tem-

perature dependence of the ferricyanide/ferrocyanide 

(Fe(CN)6
3–/Fe(CN)6

4–) redox potential and employs the 

flexibility of an activated carbon textile (ACT) electrode 

that is coated with carbon nanotubes (CNTs). With 

these components, the thermocell is flexible enough 

to wear on clothes and to wrap around cylindrical 

shape such as pipes. The wearability for harnessing 

human body heat is demonstrated by means of a 

plastic thermocell connected to a capacitor that is 

embedded into a T-shirt, which is in turn worn by a 

person. Practical use of the thermocell is demonstrated 

with a serial thermocell array that can power a typical 

commercial light emitting diode (LED). 

To fabricate a thermocell that is pliable enough to 

accommodate any shape of heat source including a 

body or curved shape, we developed a plastic 

thermocell that consists of all flexible materials such 

as polyethylene terephthalate (PET), fabrics, and wires 

(Figs. 1(a) and inset of Fig. 1(b)). The thermocell was 

fabricated by a one-step process of placing separator 

and adhesive tape between two half-cells, and then 

hot pressing them at 120 °C for 20 s, the half-cell being 

PET, collecting wire, and CNT-coated ACT (C-ACT) 

stacked in order. 

The fabricated thermocell is 600 μm thick and has a 

highly flexible nature. A 0.4 M ferricyanide/ferrocyanide 

redox couple, the concentration of which is close to 

saturation, was used as an aqueous electrolyte. The 

thermoelectric coefficient of the redox couple was 

obtained by measuring the temperature dependence of 

the potential difference over a temperature range from 

Figure 1 (a) Schematic depicting the structure of the flexible thermocell. (b) Dependence of open-circuit potential on the temperature
difference between hot and cold electrodes (Inset: Photograph of the plastic thermocell). SEM images of the (c) pristine and (d) CNT-coated
activated carbon textile (ACT). (e) Thermocell discharge and specific output power as a function of the current density of pristine the
ACT and C-ACT electrodes. 
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0 to 15 °C, as shown in Fig. 1(b). The thermoelectric 

coefficient (~1.4 mV/K) is in good agreement with 

previous reports (1.4 to 1.6 mV/K) [14–16]. Compared 

with other redox couples such as Cu2+/Cu, Fe2+/Fe and 

Np4+/Np3+, the ferricyanide/ferrocyanide electrolyte is 

better suited for harvesting low-grade thermal energy 

by virtue of its relatively higher thermoelectric power 

and larger exchange current density [17, 18]. 

For the choice of electrode material, charge transfer 

reaction and activation barrier at the electrode/ 

electrolyte interface have to be considered because 

they are the two most important factors that determine 

the electrochemical performance. The electrode 

performance is generally related to surface area and 

catalytic behavior of electrodes [19, 20]. Activated 

carbon textiles having a high specific surface area  

are good candidates for electrode materials [21–23]. 

Moreover, carbon nanotubes have been widely 

employed in electrochemical applications due to fast 

carrier transportation, superior chemical stability and 

excellent catalytic activity [24–26]. Therefore, the 

performance of the device is expected to be enhanced 

by incorporating CNTs into the ACT electrode sheet. 

In addition, the flexible feature of the textile allows 

fabrication of a pliable thermocell that is compatible 

with curved heat sources. 

Inspired by the solution-based CNT coating method 

[27], the CNT-coated textile sheet was simply prepared 

by dipping ACT into a colloidal solution of CNTs, 

followed by drying in oven (the detailed experimental 

procedure is given in the experimental section). The 

fabrication process is similar to that widely used 

dyeing fibers and fabrics in the textile industry. It was 

observed that the CNT solution instantly soaked into 

the textile and the CNT networks formed conformally 

on the surface of the individual textile fibers, as shown 

in Figs. 1(c) and 1(d). 

We compared the performance of the thermocell 

with ACT against that with a C-ACT electrode. As 

shown in Fig. 1(e), the C-ACT electrode yielded a 

current density (jSC) of 189.25 mA/m2 and a power 

density (PMAX) of 90.38 μW/m2, corresponding to a 

normalized current density (jSC/∆T) of 139.15 mA/m2·K 

and a normalized specific power density (PMAX/∆T2) 

of 48.86 μW/m2·K2, values which are much higher 

than the corresponding ones for the thermocell with 

pristine ACT—62.32 mA/m2·K and 21.9 μW/m2·K2, 

respectively. The enhanced performance of the C-ACT 

electrode can be explained by the reduction of three 

primary internal resistances (Fig. 2(a)), i.e., activation, 

ohmic and mass transport overpotentials. 

It is well known that CNTs have fast electron 

transfer characteristics due to their high local density 

of states and quasi-reversible redox process [16, 28]. 

Therefore, coating CNT on an ACT electrode might 

reduce the activation barrier in thermocell reaction [20]. 

Cyclic voltammetry (CV) measurements were carried 

out to compare reaction characteristics of ACT and 

C-ACT electrodes. It is clearly observed from Fig. 2(b) 

that the redox potential difference decreased from 

239 to 135 mV after introducing CNTs. Furthermore, 

as shown in Fig. 2(c), the diameter of the semi-circle 

on the complex plane in the Nyquist plot was smaller 

for the C-ACT electrode compared to the ACT 

electrode. Note that the diameter of the semi-circle 

represents the kinetic resistance (Rct) of the Faradaic 

reaction based on the Randle’s equivalent circuit 

model [29, 30] shown in the inset of Fig. 2(c). These 

measurements indicate that the CNT coated on    

the ACT electrode gives the benefit of lowering the 

activation barrier in thermocell reactions. Because of 

the improved reaction characteristics, the activation 

overpotential was significantly reduced by 63% (from 

27.4 to 10 Ω) as shown in Fig. 2(a). 

Ohmic overpotential in a thermocell is caused by 

equivalent series resistance (ESR), typically composed 

of electrode and electrolyte resistances. While changes 

in electrical resistance of electrolyte are negligible 

because both thermocells have same inter-electrode 

spacing and electrolyte concentration, the CNT coated 

on ACT leads to almost a fivefold decrease in the 

sheet resistance of ACT (from 14 to 3 Ω/sq.) as shown 

in Fig. 2(d). From the analysis of electrochemical 

impedance spectroscopy (EIS) measurements, it is 

confirmed that the ESR decreased from 17.5 to 14.6 Ω 

when the C-ACT is utilized (Fig. 2(c)). 

A mass transport process is needed to transfer the 

reaction product formed at one electrode to the other 

electrode for continuous operation in a thermocell [31]. 

In general, diffusion processes due to both thermal 

(Soret diffusion) and concentration (Fickian diffusion) 

gradients, and convective process due to density  
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gradients [32–35] contribute to mass transport in 

thermocells. Therefore, mass transport overpotential 

can be evaluated by measuring the time dependence of 

internal resistance of the thermocell (Fig. 2(e)). Though 

a highly porous electrode composed of micropores 

only, such as ACT, has significant advantages in terms 

of providing large electrochemical reaction sites, it 

might hinder the mass transport of reactants and 

products. We note in this regard that an electrode 

with hierarchical pore structure facilitates enhanced 

diffusion of ions into the electrode, as in vascular 

structures in nature [36–40]. Analyses of the pore size 

distributions of ACT and C-ACT electrodes were 

performed using the Brunauer–Emmett–Teller (BET) 

method. It is noteworthy from Fig. 2(f) that the 

cumulative pore volume of C-ACT increases with 

increasing pore size from micropores to mesopores  

in contrast to the ACT, which shows a cumulative 

 

Figure 2 (a) Comparison of three internal overpotentials of the thermocell with pristine ACT and C-ACT electrodes. (b) Cyclic
voltammogram of pristine and CNT-coated ACT sheet. (c) Nyquist impedance plots for ACT and C-ACT electrodes. Inset shows the
Randle’s equivalent circuit. (d) Sheet resistance of the two textile electrodes. (e) Time-dependent overall internal resistance change of
the thermocell with ACT and C-ACT electrodes. (f) The cumulative pore volume in the mesopore range derived using non-local density
function theory (NLDFT). 
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volume saturated at micropores. The hierarchical 

feature of C-ACT pores is expected to improve mass 

transport overpotential by contributing to enhanced 

ion transport. As shown in Fig. 2(e), the increase in 

the internal resistance of the thermocell with a C-ACT 

electrode is relatively smaller than that with ACT and 

the resistance settles quickly down to a steady state 

within 60 s. 

Discharge characteristics of the thermocell are 

shown in Fig. 3. The voltage–current (E–I) relationship 

is given in Fig. 3(a) as a function of time. In the 

measurements, the operating temperature—which is 

defined as the average of the temperatures at the  

hot and cold electrodes—was fixed at 20.5 °C and the 

temperature difference was maintained at 3.4 °C. The 

working area (C-ACT electrode size) was 2 cm × 2 cm. 

The internal resistance, i.e., the slope of the E–I curve, 

increases during cell discharge, reaching a steady 

state of 30.5 Ω (the inset of Fig. 3(a)). Due to the 

relatively short traveling path of ions (about 100 μm) 

and hierarchical porous structure of the electrode,  

the steady-state discharge of the thermocell could be 

reached within 1 min. The resistance variation from 

the initial to the steady state was measured to be 1.7 Ω. 

The cell potential and specific output power as a 

function of the current density at steady state is shown 

in Fig. 3(b). It can be seen that the plastic thermocell 

generated jSC of 0.39 A/m2 (current of 152 μA) and PMAX 

of 0.46 mW/m2 (output power of 184 nW), indicating 

that power generation from body heat is feasible. 

To explore the feasibility of power generation  

from a human body, the ambient temperature for  

the thermocell was varied, ranging from 5 °C (cold 

weather) to 30 °C (hot weather), while the other 

electrode was maintained at 36 °C, which is the human 

body temperature. Because of the relatively high 

thermal resistance of the PET substrate, the temperature 

drop mainly occurs across the outer substrate layer 

(see the Electronic Supplementary Material (ESM)), 

so that an ambient temperature of 5 °C with the other 

electrode maintained at 36 °C yielded a temperature 

difference of 3.4 °C. In Fig. 4, ambient temperatures of 

10, 20, and 30 °C correspond to actual temperature 

differences of 2.9, 1.8, and 0.6 °C, respectively. As shown 

in Fig. 4(a), the open-circuit potential (VOC) increases 

with increasing temperature difference, resulting in a 

quadratic increase of the maximum power generated, 

PMAX, which increases from 0.02 mW/m2 for ∆T = 

0.6 °C to 0.46 mW/m2 for ∆T = 3.4 °C (Fig. 4(b)). For 

the maximum temperature difference used in the 

experiment (i.e., an operating temperature of 20.5 °C), 

the thermocell gave a normalized current density of 

0.114 A/m2·K and a normalized maximum power 

density of 39.56 μW/m2·K2. 

As shown in Fig. 4(c), the internal resistance 

decreases with increasing operating temperature.  

An increase in the temperature should lead to an 

improvement in ion transport through the separator 

and also diffusion within the electrodes [31], resulting 

in an enhancement of the mass transport (Fig. S2 in  

 

Figure 3 Voltage–current curves, internal resistance, and specific output power of the plastic thermocell. (a) Dependence of cell potential 
on current with increasing time from the start of energy harvesting. The inset shows the dependence of internal resistance on time. (b) Plots
of cell potential (solid squares) and specific output power (open squares) versus current density at steady state. 
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the ESM). This enhancement is confirmed by the result 

that the thermocell provided jSC/∆T of 0.122 A/m2·K 

and PMAX/∆T2 of 42.83 μW/m2·K2 at the high operating 

temperature of 33 °C, values which are higher than 

those at an operating temperature of 20.5 °C. The 

thermocell produced stable values of VOC and jSC during 

48 h of operation (Fig. 4(d)), which indicates that the 

device should be stable in long-term operation. 

A good way to harness the heat from a human 

body is to attach the thermocell to a shirt. As a 

demonstration, a T-shirt embedded with the plastic 

thermocell was connected to a capacitor which could 

be charged up by the power generated from the 

thermocell (inset of Fig. 5(a)). The capacitor has a 

structure identical to that of the plastic thermocell, 

the only difference being the electrolyte of 1.0 M  

KCl solution. Figure 5(a) shows the charge/discharge 

behavior of the capacitor when the shirt was put on 

and off, demonstrating that the body heat can be 

harvested effectively with the thermocell T-shirt 

(power output of 11.7 nW). 

A large source of waste heat can be found in power 

plants or various industrial facilities where large 

amounts of waste heat are lost through numerous 

pipes that carry hot fluids [41]. This waste heat can be 

harvested when a thermocell is employed. As proof 

of concept we used a flexible thermocell wrapped 

around a pipe with various curvatures, as depicted  

in the inset of Fig. 5(b). The power generated from 

the thermocell without curvature, P0, was 0.54 mW/m2 

with a pipe temperature of 80 °C and an ambient 

temperature of 24 °C. It is interesting to observe that 

the power from the thermocell increases by more 

than 30% when it is wrapped around pipe (Fig. 5(b)), 

although the incremental increase diminishes as the 

curvature is increased. The increase could be attributed  

 

Figure 4 Effect of temperature difference on (a) E–I curves and output power versus current density and (b) maximum specific output
power. (c) Dependence of internal resistance on operating temperature. (d) Dependence of open-circuit voltage and short-circuit current 
density on time with a temperature difference of 3.4 °C. 
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Figure 5 (a) Charge/discharge of a capacitor connected to the 
thermocell. Inset: Photograph of the T-shirt embedded with the 
thermocell and capacitor, the latter for storing the power generated 
from the thermocell. (b) Normalized maximum power output for 
various curvature radii. Inset: Photograph of a thermocell wrapped 
around a hot fluid pipe for energy harvesting. (c) Circuit diagram 
depicting the lighting system for the LED, composed of thermocell, 
voltage converter and LED (the actual red light of the LED is 
shown within the dark circle in the LED part). 

to the reduced contact resistance between the collecting 

wire and the textile electrode caused by the com-

pression created when the thermocell is wrapped 

around the pipe. 

A question that should be raised is whether the 

low power scavenged from low level heat sources 

can ever be put to good use. Although progressive 

advances in electronics should enable good use of  

the low power to the point of either replacing or 

augmenting battery usage with even human body 

heat, we show here that a commercial LED can be 

turned on with the thermocell fabricated here. For 

this purpose, four-serial plastic thermocells and a 

home-made voltage converter circuit were used, as 

shown in Fig. 5(c). The serially connected thermocells 

generated a voltage of about 100 mV from a pipe 

with hot water of 80 °C. Since the generated voltage is 

not high enough to light up a commercial LED with 

typical turn-on voltage of about 1.5 V, the output 

voltage was boosted using the converter circuit. The 

serially connected thermocell, modeled as an ideal 

source and a series resistance, is connected to an 

inductor through a transistor, which is used as a switch 

device and controlled by periodic pulses. With the 

converter circuit, the LED was turned on and stayed 

on. The actual red light from the LED is shown within 

the dark circle in the LED part of Fig. 5(c). 

In summary, we have developed a plastic thermocell 

that is flexible enough to be wearable on the human 

body and to be wrapped around cylindrical shapes. 

Hierarchical porous textiles coated with CNTs were 

also developed as an electrode to enhance the 

thermocell performance by lowering the three primary 

overpotentials. We have shown that the thermocell 

charges up a capacitor when worn by a person on   

a T-shirt with a maximum output power density of 

0.46 mW/m2. We have demonstrated that the electrical 

energy generated from waste pipe heat by a serial array 

of the thermocells can power a typical commercial LED 

whose turn-on voltage is 1.5 V. The results indicate 

that the thermocell developed here can serve as a 

self-sustainable energy source. The flexible thermo- 

electrochemical device introduced here should inspire 

further research in the area of waste heat recovery. 

Experimental 

Material preparation. In order to obtain activated 

carbon textiles (ACT, CH15, Kuraray Chemical, Japan) 

coated with CNTs, it is necessary to prepare a 
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well-dispersed colloidal solution of CNTs. We   

used commercially available purified single-walled 

carbon nanotubes (SWNT, ASP-100F produced by 

Il-jin Nanotech) and dodecylbenzenesulfonate (SDBS, 

Sigma-Aldrich) as an anionic surfactant to make   

the SWNT colloidal solution. SWNTs were added to 

57 mM SDBS aqueous solution at a concentration of 

2 mg/mL followed by dispersal using ultrasonication 

for 12 h. C-ACT was obtained by simple dipping and 

drying process. When pristine ACT was dipped into 

the colloidal solution, the ACT quickly swelled with 

a large amount of the solution due to its highly porous 

structure. The C-ACT was subsequently rinsed with 

deionized water (DIW) several times to remove 

redundant SDBS, and then dried in an oven. 

An aqueous electrolyte of 0.4 M potassium fer-

ricyanide (K3Fe(CN)6, Sigma Aldrich) and potassium 

ferrocyanide (K4Fe(CN)6, Sigma Aldrich) was used for 

the thermocell, while an aqueous electrolyte of 1.0 M 

potassium chloride (KCl, Sigma Aldrich) was used for 

the capacitor. 

For the half-cell, PET, collecting wire, and CNT- 

coated ACT were stacked in order. Then, separator 

and adhesive tape were placed between two half-cells. 

The thermocell structure was completed by one-step 

hot pressing process at 120 °C for 20 s. 
 

Characterization. Hot and cold temperatures were 

controlled by circulating water from a thermostatic 

bath with an accuracy of ± 0.1 °C. The potential and 

current output from the cell were measured using a 

voltage–current meter (Keithley, 2000 Multimeter) for 

characterizing power output with respect to external 

resistive loads. Sheet resistance of the samples was 

simply measured by a four-point probe instrument 

(Changmin Tech, CMT-SR2000N). Electrochemical 

impedance measurements were conducted using a 

commercial instrument (Zahner, IM6ex). N2 adsorption 

isotherms (at 77 K) up to 1 bar were measured using 

a Micromeritics ASAP 2020 static volumetric gas 

adsorption instrument. Prior to the sorption analysis, 

samples in the analysis chamber were subject to     

a vacuum of 10–5 Torr at 150 °C for 12 h to remove  

the impurities. The cyclic voltammetry (Eco Chemie, 

PGSTAT30) analysis was carried out using ACT and 

C-ACT as a working electrode in 10 mM K4Fe(CN)6 

solution with a scan rate of 5 mV/s. Platinum (Pt) and 

saturated calomel electrodes were used as counter 

and reference electrodes, respectively. 
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