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Abstract: Thermo-electrochemical cells (thermo-cells) designed for harvesting human body heat can 

provide a constant power output for wearable electronics, supplementing state-of-the-art flexible 

power storage and conversion solutions. However, a systematic investigation into the optimization 

of wearable thermo-cells is lacking, especially with regard to device design, n-type electrolytes, and 

electrode/electrolyte integration. Here, a n-type gel electrolyte: polyvinyl alcohol (PVA)-FeCl2/3 with 

outstanding flexibility and elasticity is produced, which demonstrates exceptional 

electrolyte/electrode integration into a 3D porous poly(3,4-

ethylenedioxythiophene)/polystyrenesulfonate (PEDOT/PSS) electrode via an in-situ chemical 

crosslinking method. The integrated n-type cell shows excellent seebeck coefficients (0.85 mV K-1) 

and output current density (1.74 A m-2 K-1) that are comparable with an optimized p-type cell 

consisting of a carboxymethylcellulose (CMC)-K3/4Fe(CN)6 electrolyte with a 3D PEDOT/PSS-edge 

functionalized graphene/carbon nanotube(PEDOT/PSS-EFG/CNT) electrode (-1.22 mV K-1 and 1.85 A 

m-2 K-1). The equivalent performance of the n-type and p-type cells enables the effective series 

connection of up to 18 pairs of p-n cells that combines to give an output voltage of 0.34 V (△T = 10 
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K). This in-series device is fabricated into a proof-of-concept watch strap, which can harvest body 

heat, charge supercapacitor (up to 470 mF) as well as illuminate a green LED, clearly demonstrating 

the practical application. 

1. Introduction 

The emergence of wearable electronic devices has stimulated the demand for a flexible, light-weight 

and high-efficiency power supply system.[1,2] In contrast to more traditional energy storage systems 

(e.g. batteries[3] and supercapacitors[4]), which require manual recharging, flexible energy harvesters 

(including solar cells,[5] piezoelectric polymer generators,[6,7] triboelectric generators[8,9] and 

thermoelectric generators[10-13]) convert energy from the local environment, including mechanical 

motion or temperature gradients from the human body, to electrical charge.[14,15] These energy 

harvesters are environmentally friendly power sources, which potentially provide a pathway towards 

the elimination of manual device charging and a reduction in battery waste.[10] Among these power 

sources, thermoelectric generators (TEG) attached to the human body are highly attractive, as the 

heat continually being emitted by the body (up to 20 mW/cm2) enables a constant power supply, in 

contrast to motion-based, or solar-based energy harvesting technologies.[10-13,16,17] We have recently 

discussed the promising prospect of body heat harvesting in the future global market of wearable 

electronics and provided possible designs for a skin-conformal TEG.[10] However, relatively low 

figures of merit (such as the Seebeck coefficient, Se =△V/△T, which is typically on the order of μV K-

1)[18] and the reliance on rigid and expensive thermoelectric materials have greatly limited the 

practical development of TEGs for wearable applications.[10] Thermo-electrochemical cells (thermo-

cells, TECs) harvest thermal energy through the temperature-dependent electron transfer between 

redox couples and electrodes, and typically exhibit much higher Seebeck coefficients (on the order 
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of mV K-1) than TEGs.[18] Thermo-cells have a simple structure and can be fabricated from 

inexpensive materials, making them ideal candidates for low-grade heat harvesting (e.g. body heat) 

for wearable technologies.[18-20] Thermo-cells are also extremely attractive as they can constantly 

generate energy, provided there is a suitable thermal gradient, without any toxic emissions or 

chemical waste.  

Great progress has been made in flexible and wearable thermo-cells, however, this progress has 

focused on two main aspects: flexible electrodes[20-22] and leak-free gel electrolytes.[23-25] To prepare 

flexible electrodes, inexpensive carbon-based materials or conducting polymers are often used 

instead of traditional and expensive platinum electrodes. The first report of flexible electrodes for 

wearable TECs used an activated carbon textile (ACT) coated with carbon nanotubes (CNTs).[20] 

Further investigations built on this platform using free-standing carbon-based materials (e.g. 

graphene/CNT films,[21,26] MWNT foam,[22,27] activated carbon cloth,[22] CNT/PtNPs aerogel[27] and 

others) and confirmed that higher surface areas, electrocatalytic behavior, enhanced porosity, and 

improved electrical conductivity are key considerations to achieve substantial advances in thermo-

cell performance. In addition, the charge carrier electrolyte has been the subject of intensive 

development, with a focus on the development of gel electrolytes with no solvent leakage for 

wearable application.[28] In gel electrolytes, the selection of a suitable polymer for the redox active 

species plays the most important role. The polymer needs to provide a mechanical matrix sufficient 

to prevent solvent leakage but also have a high diffusion coefficient (on the order of 10-5 cm2 s-1) of 

redox couples to enable sufficient transport. For the [Fe(CN)6]3-/4- redox system, various water-

soluble polymers (agar agar,[23] gelatin,[23] poly(sodium acrylate),[23] polyvinyl alcohol[19,24] and 

celluloses[24]) have been explored, where gelation was induced by cooling down a hot mixture 
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containing [Fe(CN)6]3-/4- and a polymer. Polyanions with carboxyl functional groups, including poly 

(sodium acrylate)[23] and carboxymethylcellulose (CMC),[24] are able to form gels containing high 

concentrations of [Fe(CN)6]3-/4- (as high as 0.4 M). In addition, superabsorbent polymer hydrogels 

(like polyacrylamide)[24] or polymer films (e.g. cellulose)[25] can also be immersed in the aqueous 

redox electrolyte and produce a gel electrolyte. Optimizing the weight percentage of the polymer is 

crucial to balance the mechanical properties and enable fast ion transport. However, all previous 

reports are independent studies on either the electrode or the electrolyte. There have been no 

reports of a system where advanced electrodes are coupled to new, optimized, gel electrolytes; this 

is crucial as the interfacial properties, specifically wettability and charge transport phenomena, vary 

dramatically between traditional metal and the advanced carbon-based electrodes. 

To date, developments in thermo-cells have focused on optimization for individual cells. However, 

with appropriate design considerations, single cells with alternating negative and positive Seebeck 

coefficients can be coupled in series to form an array that improves the overall output voltage for 

practical applications (Figure 1).[19,29,30] These arrays of thermo-cells are analogous to the p- and n-

doped TEGs, and therefore denoted as p-type and n-type thermo-cells in this manuscript. The output 

current of p-n cells connected in series (denoted as p-n cells) is limited by the lowest current of the 

individual single cells, so it is of vital importance to match the current output for both p-type and n-

type half-cells for efficient and optimal performance.[30] It is noted that most of the literature on 

TECs is focused on the development of p-type electrolytes (where the absolute charge of the oxidant 

is smaller than the reductant), often based on [Fe(CN)6]3-/4-, with only a few reports focused on 

fabrication of n-type gel electrolytes (where the absolute charge of the oxidant is larger than the 

reductant).[18,30] The performance of n-type cells with either aqueous[31,32] or gelled 
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electrolytes[19,33,34] are intrinsically lower than p-type cells in terms of current due to sluggish 

kinetics.[18] For example, Aldous et al. investigated the fundamentals of combining the conventional 

[Fe(CN)6]
3-/4- p-type thermo-cell with Fe(II/III) sulfate as an n-type thermo-cell, both electrically in-

series and in-parallel.[30] Zhou et al. mixed polyvinyl alcohol with FeCl2/3 as an n-type thermo-cell, and 

coupled it with a 0.02 M [Fe(CN)6]
3-/4- redox couple as a p-type cell.[19] Kimizuka et al. prepared a 

polysaccharide/I-/I3
- n-type gel electrolyte and improved the Seebeck coefficient from +0.86 to +1.5 

mV K-1 by introducing polymer-ion interactions.[33] Pringle et al. prepared the first aqueous gel 

electrolyte based on a cobalt redox couple, Co(bpy)3Cl2/3, using a cellulose film as the polymer 

matrix, which exhibits a Seebeck coefficient of +1.21 mV K-1.[34] Despite these efforts, the best 

reported output current and power for n-type cells is still one order of magnitude lower than the p-

type cells. In addition to the electrolyte, flexible electrodes which can catalyze the redox reaction of 

n-type couples has not been well studied in detail to date. Therefore, the study on the n-type cells in 

terms of both the electrode and gel electrolyte is a key challenge to develop effective p-n cells and 

produce efficient integrated arrays of p-n cells.  

In this work, we systematically investigated the performance of both p-type and n-type thermocells 

through study and optimization of both the flexible electrode and gel electrolyte, enabling the 

development of high performance p-n cell arrays for practical body-heat energy harvesting 

applications (as illustrated in Figure 1). Firstly, to address the relatively low performance of n-type 

devices, we systematically prepared a flexible and stretchable n-type gel electrolyte (PVA-FeCl2/3). 

This PVA-FeCl2/3 electrolyte can accommodate a wide range of FeCl2/3 concentrations (0.1 M to 2 M) 

without affecting the gelation process and maintaining the thermo-electrochemical performance of 

the Fe2+/Fe3+ redox couple. This n-type gel electrolyte demonstrated comparable performance with 
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the previously developed p-type electrolyte of carboxymethyl cellulose (CMC)-K3/4Fe(CN)6 with Pt 

electrodes.[24] The performance of both p-type and n-type cells was optimized using 3D structured 

poly(3,4-ethylenedioxythiophene)/polystyrenesulfonate-edge functionalised graphene/carbon 

nanotubes (PEDOT/PSS-EFG/CNT) and PEDOT/PSS film electrodes, respectively. A pair of p-type and 

n-type TECs (p-n cells) with comparable output current were coupled to achieve a power density 

equal to the sum of p- and n-type half-cells, indicating the low internal resistance of electrode 

materials. We then demonstrated the scalability of the system, fabricating an array with 18 pairs of 

p-n series devices able to charge capacitors to above 0.3 V. Finally, we prototyped the p-n array into 

a watch-strap style integrated device, which efficiently converted body heat to electrical energy and 

provided continuous power to a green light emitting diode (LED). 

2. Results and Discussions 

2.1. Developing an n-type gel electrolyte 

An n-type PVA-FeCl2/3 gel electrolyte was prepared by chemically cross-linking PVA in the presence of 

FeCl2/3. To achieve gel formation, 1 M FeCl2/3 was dissolved in 5 wt.% PVA (85 – 124 kDa) in H2O, 

forming a relatively low-viscosity solution. Glutaraldehyde (GA) diluted solution (5 wt.%) was then 

added, accompanied by rapid and vigorous stirring. The mixed solution was immediately poured into 

a mould or injected into the thermo-electrochemical cell. In the weakly acidic Fe2+/Fe3+ solution, the 

cross-linked PVA hydrogel was formed via the reaction between the hydroxyl groups of PVA and the 

aldehyde groups in GA (forming acetal or hemiacetal links between PVA polymer chain).[35] After 0.5 

hour, the cross-linked gel electrolyte was able to be removed from the mould (for physical 

characterization) or directly used as an electrolyte in thermo-cells. 
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The as-prepared n-type gel electrolyte is highly flexible and stretchable (Figure 2a), and can maintain 

its shape after being bent, twisted, or even stretched to twice its original length while being twisted 

over 360 degrees. After repeated cyclic stretching to 100% strain (Figure 2b), the gel electrolyte 

shows less than 10% plastic deformation (over 60 cycles), indicating its excellent elasticity and cyclic 

stability.[36] These robust mechanical properties (flexibility, elasticity, and toughness) emphasizes the 

potential of this gel electrolyte in wearable applications and even epidermal devices.[37] Meanwhile, 

this gel electrolyte could be potentially adapted to fit future stretchable thermo-cells, which is not 

the subject of this work but merit considerable further study for wearable devices.[37] The effect of 

the molecular weight and concentration of PVA, as well as the concentration of FeCl2/3 and acidity of 

the electrolyte were investigated to achieve optimal parameters with respect to mechanical 

properties, ionic conductivity, and thermo-cell performance (See Supplementary Information text, 

Figure S1-S5). Meanwhile, extended thermo-electrochemical performance over 4 days were test to 

show the excellent thermo-electrochemical stability of the gel electrolyte (See Supplementary 

Information text, Figure S5d). Below we discuss the performance of the optimized n-type gel 

electrolyte.  

The electrochemistry of the as-prepared PVA-FeCl2/3 gel electrolyte (5 wt.% PVA and 1 M FeCl2/3 

concentration) was evaluated and compared to a 1 M FeCl2/3 aqueous electrolyte (Figure 2c-d) using 

a thin-film platinum electrode (ED-SE1-Pt, Micrux) where Pt works as both the reference and counter 

electrodes. The gel electrolyte displayed an almost identical cyclic voltammetry (CV) curve (scan rate 

= 50 mV s-1) to the liquid electrolyte, with a slightly smaller separation between the reduction and 

oxidation peaks (ΔEp) (216 mV vs. 257 mV). The ΔEp relates to the reversibility of the redox couples in 

gel and liquid electrolyte, indicating that the electro-activity of redox couples has not been affected 
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by the presence of the PVA polymer host. The same diffusion limited redox behavior was observed in 

both gel and liquid electrolytes, reflected by the linear relationship between the square root of scan 

rate and the peak current density (Figure S1d and Figure S2d).[23,38] The high frequency domain of 

electrochemical impedance spectra (EIS) of both gel and liquid electrolytes shows a small equivalent 

series resistance (ESR) (50 Ω, derived from the intercept of the real part of impedance with the x-

axis), indicating that the gel electrolyte exhibits a comparably high ionic conductivity to the liquid 

electrolyte.[36,39] As expected, a larger electron transfer resistance (RET, defined by the size of the 

semicircle at high frequency domain) was observed in the gel polymer electrolyte (90 Ω) than in the 

liquid electrolyte (50 Ω).[36,39] However, this charge transfer resistance was still small enough to 

enable rapid charge transport and enable rapid redox reactions, as evidenced by the CV results. 

Therefore, the redox reaction of the as-prepared PVA-FeCl2/3 gel electrolyte is quasi-reversible and 

displays similar electrochemical performance compared with the liquid electrolyte.[38]  

Given the promising CV and EIS results, the thermo-electrochemical (TEC) performance of these gel 

electrolytes was further investigated. As discussed in the experimental section, sputter-coated 

platinum was used for the electrodes with a 2 mm inter-electrode spacing. While maintaining the 

temperature of the hot electrode (TH) at 35 °C and gradually decreasing the cold electrode 

temperature (TC) from 30 °C to 15 °C, the output voltage was observed to change linearly with ΔT 

(Figure S3), giving a Seebeck coefficient of +0.78 mV K-1. The Seebeck coefficient was slightly smaller 

compared to that of an aqueous electrolyte system (+0.81 mV K-1). This difference is hypothesized to 

arise from the higher thermal conductivity of cross-linked polymer gels (PVA-FeCl2/3 gel: 1.02 W m-1 

K-1, PVA gel: 1.01 W m-1 K-1) compared to water-based systems (PVA aqueous solution: 0.588 W m-1 

K-1, water: 0.60 W m-1 K-1, the value of PVA-FeCl2/3 solution and FeCl2/3 aqueous solution were not 
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measured to avoid the corrosion of the metal thermal sensor by acidic solution).[40] Since the use of 

chemical cross-linking clearly demonstrates significant advantages such as strong mechanical 

strength and high concentration of redox couples, the slight decrease in Seebeck coefficient is 

acceptable. The TEC shows a simple linear current - voltage and parabolic power - voltage 

relationship, with a short circuit current density (JSC) of 8.2 A m-2 and maximum power density (PMAX) 

of 17.1 mW m-2 (Figure 2e). The smaller JSC (8.2 A m-2) of the gel electrolyte compared to the liquid 

electrolyte (12 A m-2) arises from the lower RET (Figure 2d). The result shows the n-type electrolyte 

performance is comparable to reported p-type electrolytes when sputter-coated Pt was used as 

electrode (Figure S6), demonstrating the potential for development of p-n arrays.  

2.2. Electrode optimization for p- and n- type cells 

Once the electrolyte had been fully optimized, development of advanced electrodes tailored to 

match our gel electrolytes was undertaken to achieve the maximum possible device performance. 

To enable intimate contact between the electrode materials and the flexible substrate, a simple 

drop-casting method was used to prepare electrodes on Pt-coated PI tape (Figure 3a). This method 

eliminates the need for any additional steps to transfer the free-standing electrodes onto the target 

substrate.[20,21] For a homogenous drop-casting dispersion, a water-dispersible and commercially 

available conducting polymer PEDOT/PSS was used as a dispersing agent for carbon-based materials 

(i.e. EFG and CNTs). Uniform PEDOT/PSS-EFG/CNT dispersions could be formed when the ratio of 

PEDOT/PSS was larger than 25 wt.% in the composite. Diethylene glycol (DEG), which is a commonly 

employed secondary dopant for PEDOT/PSS used to boost the electrical conductivity, was added to 

all samples.[41] In addition, a thin layer of PEDOT/PSS (0.3 mg cm-2) was prepared as a soft and 

adhesive layer on the flexible substrate, prior to the PEDOT/PSS-EFG/CNT film drop-casting process. 
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This additional layer serves to prevent delamination of the composite film from the substrate during 

the heat evaporation process (Figure S8) or during bending (Figure 3a). A CO2 laser cutter was used 

to etch the electrode materials creating ≈ 100 μm wide channels (Figure S7) with a depth equal to 

the thickness of the film electrode. This process was used to increase the surface area and increase 

diffusion of the redox species through the electrode films. The as-prepared electrodes (Figure 3a, b) 

on PI tape were assembled into a TEC device, followed by injection of the gel electrolyte (p-type: 

CMC-K3/4Fe(CN)6, n-type: PVA-FeCl2/3, respectively) into the device. TEC performance of the film 

electrodes and the full TEC device was evaluated while applying a ΔT = 10°C between the two 

electrodes (TH = 35°C and TC = 25°C). Step-by-step optimization of the electrode composition and film 

thickness (See Supplementary Information text and Figure S9 and Figure S10) was performed to 

attain high performance electrodes.  

Figure 3c shows the optimized performance of the p-type electrode (laser-etched PEDOT/PSS-

EFG/CNT), which has improved thermo-electrochemical performance compared with the 

PEDOT/PSS-EFG/CNT film and pristine platinum electrodes in terms of open circuit voltage (12.2 mV 

versus 11.5 mV and 10.2 mV, demonstrating an improvement in ‘observed ΔT’), short circuit current 

density (18.5 A m-2 versus 19.5 A m-2 and 10.2 A m-2), and maximum power density (72.9 mW m-2 

versus 60.7 mW m-2 and 32.9 mW m-2) at ΔT = 10 °C. A high PMAX/ΔT2 value of 0.73 mW K-2 m-2 

(comparable to literature values for high-performance electrodes)[22] was calculated to account for 

the difference in ΔT of thermo-cells run at different operating temperatures. We ascribe the 

improved performance to the high-quality EFG, the open and porous layer-by-layer structure (Figure 

3b), and the laser-etched channels enabling a high ion-accessible surface area with high electrical 

conductivity. The optimal p-type electrode composition of PEDOT/PSS-EFG/CNT film electrode 



 

  

 

This article is protected by copyright. All rights reserved. 

12 

 

outperforms all others in terms of current density and power density. This performance arises due to 

the synergistic combination of EFG and CNTs, which form a hierarchically porous, high surface area 

network with outstanding electrical conductivity and known electrocatalytic behavior for the 

[Fe(CN)6]
3-/4- redox couple.[18,21,42–44] However, the thick PEDOT/PSS-EFG/CNT film electrode also 

exhibits increased thermal resistance, resulting in a relatively low open circuit voltage of 10.2 mV. To 

solve this problem, the additional laser-etching process was applied to the film electrode, which 

enabled the direct exposure of thermally conductive Pt to the gel polymer electrolyte. The key 

benefit of this additional process was that the effective temperature difference between the cold 

and hot electrode/electrolyte interface was increased, leading to an enhancement in the open 

circuit voltage compared with the un-etched samples (from 10.2 mV to 12.2 mV) without sacrificing 

the output current. An improved PMAX was thus achieved from 60.7 mW m-2 to 72.9 mW m-2.  

In terms of the long-term power output of the optimized device, the short circuit current (ISC) over 

time was measured (Figure S11a) and the long-term PMAX/ΔT2 (PMAX=1/4×ISC×VOCV) was calculated. 

The high current output and PMAX/ΔT2 decreased initially before stabilizing after 30 min of thermo-

cell discharge. This decrease is a limitation of all gel-related thermo-cells and arises from the low 

diffusion rate of redox couples in gel electrolyte. Due to the higher driving potential for ion diffusion, 

the laser-etched PEDOT/PSS-EFG/CNT maintains a higher long-term current density (1.15 A m-2 

versus 1.0 A m-2) and PMAX/ΔT2 (0.0351 mW K-2 m-2 versus 0.0255 mW K-2 m-2) compared to an 

unetched electrode. The 38% improvement in PMAX/ΔT2 indicates the efficacy of the laser-etching 

process. The long-term PMAX/ΔT2 of our optimized device is comparable with reported gel electrolyte 

systems.[19,23,25,45]  
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Once the p-type cell electrode was optimized, electrodes suitable for use with our developed PVA-

FeCl2/3 electrolytes (n-type) were investigated, with a target of reaching comparable performance to 

the p-type configuration. Surprisingly, it was found that the single component film electrode of 

PEDOT/PSS exhibited superior performance surpassing all the other studied carbon-based materials 

including PEDOT/PSS-EFG, PEDOT/PSS-CNT, and PEDOT/PSS-EFG/CNT (Figure S10a). This outstanding 

performance may have arisen from the unique electrocatalytic behavior of PEDOT/PSS for the 

Fe2+/Fe3+ redox couple. As reported in the literature, excess PSS in PEDOT/PSS can enhance cation 

transport through the polymer electrode with a particularly high affinity for multivalent cations such 

as Fe2+ and Fe3+. Due to their strong electrostatic attractions, Fe2+ and Fe3+ ions can easily absorb 

onto the electrode surface of PEDOT/PSS film electrodes.[46,47] Along with the high electrical 

conductivity and abundant micro-sized pores in the electrode film (Figure 3d), fast ion diffusion and 

electron transfer are predicted in the PEDOT/PSS electrodes.[41] The performance of PEDOT/PSS was 

further improved by increasing the mass loading to 4 mg cm-2 (Figure S10b) and adding an additional 

laser-etching (Figure 3e) process for enhanced output current and output voltage. A full summary of 

the tested electrodes and their relative performance is shown in Table S1.  

After optimization, the laser-etched PEDOT/PSS electrodes delivered a much higher TEC 

performance than PEDOT/PSS film and pure Pt electrodes (Figure 3e), including the open circuit 

voltage (8.5 mV versus 6.7 mV and 8.0 mV), short circuit current density (17.4 A m-2 versus 14.4 A m-2 

and 10.2 A m-2), and maximum power density (38.3 mW m-2 versus 24.3 mW m-2 and 20.6 mW m-2). 

Notably, this is the first time that the performance of an n-type device has been optimized in 

combination with conducting polymer-based electrode materials, which exhibit comparable 

performance with carbon-based materials in aqueous electrolyte.[31,48] In addition, the ease in 



 

  

 

This article is protected by copyright. All rights reserved. 

14 

 

dispersion preparation and the processability of PEDOT/PSS has greatly simplified the film 

preparation process compared to the alternative carbon-based electrodes.[31,48] In terms of long-

term performance, the laser-etched process shows the same benefit in n-type devices as in p-type 

device (Figure S11b). There is a 25% improvement in current density (1.5 A m-2 versus 1.2 A m-2) and 

60% increase in PMAX/ΔT2 (0.0322 mW K-2 m-2 versus 0.0201 mW K-2 m-2) when comparing the laser-

etched PEDOT/PSS device to the unetched device. The long-term PMAX/ΔT2 is also comparable with 

the literature reported gel electrolytes.[19,34,49] In addition, it is found that the output current of this 

optimized n-type device is comparable with our optimized p-type device in terms of both the initial 

value (17.5 A m-2 versus 18.5 A m-2) and the long-term value (1.5 A m-2 versus 1.15 A m-2), indicating 

the potential for effective p-n in-series connection. 

2.3. Pairing the p-n cells 

As mentioned above, the selection criteria for efficient series connection between p-type and n-type 

cells is the comparable output current between each device, which has been achieved herein via the 

optimization of both electrolyte and electrode for both p-type and n-type devices. Here, a typical 

pair of p-n cells were fabricated and examined (Figure 4a), where the optimized electrodes of laser-

etched PEDOT/PSS and PEDOT/PSS-EFG/CNT and electrolytes of PVA-FeCl2/3 (1 M FeCl2/3) / 0.08 M 

HCl and CMC-K3/4Fe(CN)6 [0.4 M K3/4Fe(CN)6] were used in n-type and p-type cells, respectively. 

Sputter-coated Pt acts both as the current collector and the connection between adjacent devices. 

As expected, the voltage of the p-n combined cell was approximately equal to the sum of the 

absolute voltage of both p-type and n-type devices, and increased linearly with △T (Figure 4b). Thus, 

the effective Seebeck coefficient of the p-n cell was 1.96 mV K-1, approaching the sum of the 

absolute value of each component (-1.17 mV K-1 for p-type device, and +0.85 mV K-1 for n-type 
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device). Further, the initial and the long-term short-circuit current of the p-n cell was nearly the 

same as the individual p-type and n-type devices at a △T = 10 K, indicating the efficient matching and 

low resistance of the electrical connections between the devices (Figure 4b and Figure S11c). The p-

n cell performance at various △T (5~20 K) was examined, yielding linear V vs I and parabolic P vs V 

relationships at all temperature differences. These results indicate that the p-n cell was stable at a 

variety of temperatures. 

2.4. Prototyping multiple p-n cells 

A prototype device of thermo-cell arrays containing multiple p-n cells connected in series was 

fabricated (6 pairs of p-n cells in Figure 5a, and 3 × 6 pairs of p-n cells in Figure 5b) and the scalability 

(with respect to the number of p-n units in the device) was probed. With a △T of 10 K, the voltage 

increases linearly from 20.1 mV to 351 mV with increasing number of p-n cell pairs from 1 to 18. We 

also note that the current output (blue curve, Figure 5c) decreased when the number of p-n pairs 

increased due to an increasing amount of electrical resistance between cell connections. As a result, 

the power output reaches a plateau when there are 18 pairs of p-n cells. Due to the high energy 

output (up to 38.3 μW) from the 18 pair configuration, the p-n cell arrays (△T = 10 K) were able to 

charge not only a capacitance dielectric capacitor (C = 10 mF), but also electrochemical 

supercapacitors (C = 47 mF, 100 mF, 470 mF) to more than 300 mV. The charge rate for 10 mF, 47 

mF and 100 mF supercapacitors is high and charging could be achieved in a few minutes. One 

problem with using the gel electrolytes in-series is the decrease in long-term performance, which 

resulted in a decrease in the charging rate of supercapacitors after extended durations, especially for 

supercapacitors with large capacitances (i.e. 470 mF). This limitation of long-term performance is 

expected to be solved in the future when advanced gel electrolytes are developed, leading to greatly 
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improved long-term charging rates with our advanced electrode and p-n series system. In addition, 

we also claim that this is the first time that thermo-cells with gel electrolyte harvesting low-grade 

heat have been demonstrated to charge high energy density supercapacitors, and subsequently 

power a LED. 

2.5. Flexible and wearable p-n cells 

To harvest body heat, a flexible thermo-cell, which can conform to a curved surface is required. 

However, bending layered devices to a high degree of curvature while maintaining performance is 

challenging, even when the individual components are highly flexible, as the top electrodes (air-side) 

always bear larger deformation relative to the bottom electrodes (skin-side). To address this 

problem, we designed a thermo-cell with a watch-strap shape, where the bottom electrodes 

between p-n cells were electrically connected on one flexible substrate (i.e. polyimide tape) but the 

top electrodes were not connected and separated on different substrates (Figure 6a). In this case, 

the top electrodes of each p-n pair could move freely, while the bottom electrodes conformed to the 

high curvature encountered with anatomical parts. Meanwhile, flexible and thermally conductive 

aluminum foil was attached outside of the thermo-cell device in order to maintain uniform heat 

transfer through electrodes. As a demonstration, we have attached 5 straps of thermo-cell arrays (6 

p-n pairs) on a wrist (Figure 6b). These 30 p-n pairs can charge a 470 mF supercapacitor during long-

term wear. The charged supercapacitor was able to light a green LED with voltage booster (Figure 6b 

and Supporting Infomation Movie S1). This demonstrates the practical utility of our thermo-cells to 

power a range of wearable and portable electronics from low-grade body heat.  

3. Conclusion 
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In summary, we have developed high performance p-type and n-type flexible thermo-cells through 

systematic investigation of both electrodes and gel electrolytes, which are of vital importance in 

establishing effectively paired p-n cells. We have shown that an optimized n-type PVA-FeCl2/3 gel 

electrolyte prepared by an in situ chemical cross-linking exhibits comparable performance to the 

state-of-the-art p-type electrolyte [CMC-K3/4Fe(CN)6)]. Then, we developed and optimized both p-

type and n-type electrodes with a flexible and porous structure. PEDOT/PSS and PEDOT/PSS-

EFG/CNT electrodes showed excellent and comparable performance for n-type and p-type cells 

respectively, enabling the devices to be coupled together efficiently. We also successfully matched 

these thermocells by connecting multiple p-n cells in series, achieving an increased voltage to 0.34 V 

at △T = 10 K and a current large enough to charge supercapacitors. Furthermore, the demonstration 

of a flexible watch-strap shaped thermo-cell that could harvest body heat, charge supercapacitors 

and light a green LED, highlighted the potential of these devices in real applications. We believe this 

systematic investigation and optimization of electrode, electrolyte, and device architectures 

introduced here has great significance for the realization of body heat harvesting and application in 

real self-powered wearable electronics. 

4. Experimental Section  

Materials: The PEDOT/PSS used was the Orgacon
TM 

DRY product from Agfa 

Company. Multi wall carbon nanotubes (MWCNT) were obtained from Carbon 

Nanotube Plus. Edge functionalized graphene (EFG) was prepared in our 

laboratories.
[50]

 Diethylene glycol (DEG), polyvinyl alcohol (PVA, Mw: 31,000 - 

50,000, 85,000 - 124,000, 146,000 - 186,000 Sigma 363162), carboxymethylcellulose 

sodium (CMC, Mw: 250,000), iron (II) chloride tetrahydrate (FeCl2·4H2O), iron (III) 
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chloride (FeCl3), potassium ferricyanide [K3Fe(CN)6], potassium hexacyanoferrate 

(II) [K4Fe(CN)6·3H2O], glutaraldehyde solution (25 wt.% in H2O) were purchased 

from Sigma-Aldrich. 

PVA-FeCl2/3 gel electrolyte solution: PVA-FeCl2/3 solutions were prepared by dissolving FeCl2·4H2O and 

FeCl3 powder into pre-prepared PVA aqueous solutions (with magnetic stirring) for 1 h. PVA 

solutions of 3 wt.%, 5 wt.%, 8 wt.% and 10 wt.% were used, with 0.1 M, 0.2 M, 0.5 M, 1 M, or 2 M 

FeCl2/3. The chemical cross-linker of diluted GA (5 wt.% in H2O, mass ratio of PVA:GA = 40:1) was 

then dropped into the mixed solution with vigorous magnetic stirring for 30 s. Subsequently, the 

PVA-FeCl2/3-GA solution was immediately poured into a PDMS mould or injected into the assembled 

thermo-electrochemical device. Finally, the solid-state gel electrolyte was formed after cross-linking 

at room temperature for 1 h, which was then either peeled off for electrochemical and mechanical 

testing or directly used as electrolyte in the thermo-electrochemical device. For performance 

enhancement, HCl with the final concentration varying from 0.02 to 0.3 M was added into the PVA-

FeCl2/3 solutions before the addition of chemical cross-linker (GA). 

CMC-K3/4Fe(CN)6 gel electrolyte: CMC-K3/4Fe(CN)6 gel electrolyte was prepared following the method 

described by Russo et al.,[24] whereby the appropriate amount of CMC powder was added to 0.4 M 

K3Fe(CN)6/K4Fe(CN)6 aqueous solution with magnetic stirring overnight. The prepared viscous CMC-

K3/4Fe(CN)6 solution was stirred for at least 30 min prior to being injected into thermo-

electrochemical devices for performance testing.  

Preparation of flexible film: A ball milling method was used to prepare PEDOT/PSS-based inks. Firstly, 

PEDOT/PSS pellets with different mass loadings of MWCNT and EFG were mixed by ball milling at 

1200 rpm for 10 min. This ball milling process works on the principle of impact and attrition when 
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the balls drop from near the top of the shell. After ball milling, the MWCNT and EFG powers are 

bound to the surface of PEDOT: PSS and this mixture could be well dispersed in water by magnetic 

stirring overnight and bath sonicating for 30 min. DEG (weight ratio of DEG: PEDOT/PSS=1:1.86) was 

added to the aqueous dispersion prior to stirring. The PEDOT/PSS ink was prepared by directly 

dispersing the PEDOT/PSS in water with the addition of DEG. PEDOT/PSS, PEDOT/PSS-EFG, 

PEDOT/PSS-CNT, PEDOT/PSS-EFG/CNT films were prepared by bar coating a thin layer of the mixed 

dispersion on Pt coated-PI tape, where the sputter coated 100 nm platinum functions as current 

collector. The films were dried at room temperature overnight, followed by heating in an oven at 70 

ºC for 2 h to fully remove DEG. 

Laser-etching of film electrode: The laser-etching step was conducted using a 10.6 μm CO2 laser 

cutting system (Universal PLS6MW Multi-Wavelength Laser Platform, 30 W, spot size of ≈ 25 μm) 

under ambient conditions. It was conducted using a vector mode with the laser power set as 0.1% 

and the speed fixed at 2%. The pulses per inch was set at 500. 

Device Assembly of series-connected thermo-electrochemical cells: Thermo-cell devices containing a 

series of interconnected p-type and n-type devices were fabricated. These devices consist of a laser-

cut acrylic frame (Figure 5a, with each cell size [l × w × t] being 0.5 × 2 × 0.2 cm), drop-casted and 

laser-etched film electrodes on sputter coated platinum, and a PI tape substrate. Firstly, 100 nm Pt 

was sputter coated on PI tape substrate (fixed on aluminum plate) with designed patterns, which act 

as both current collector and connection wires between single devices. Then, film electrodes were 

selectively drop-casted on the platinum coated electrode area (0.5 × 2 cm) and laser-etched via the 

laser cutting system (Figure 5a). The acrylic frame was then sandwiched between two of the 

electrode-Pt coated PI and sealed by epoxy resin glue. Finally, electrolyte precursors were injected 
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into the cells through pre-prepared holes on the frame to form interconnected thermo-cells. Flexible 

series-connected, thermo-cells (Figure 6) were prepared in the same precursor, but replacing the 

laser-cut acrylic frame with a 3D printed flexible PDMS frame. To enable the production of flexible 

devices, aluminum foil instead of aluminum plates was used as a thermal conductor.  

Electrochemical characterizations of polymer gel electrolyte: The electrochemical performance of the 

gel electrolytes was tested using thin-film platinum electrodes (ED-SE1-Pt, Micrux) equipped with 

All-In-One Platform, in which the working (diameter = 1 mm), reference, and counter electrodes 

were screen printed platinum. 400 μL of the gel electrolyte precursor was dropped into the cell and 

allowed to gel for 1 h prior to testing. The CV measurements were performed using a VSP 

electrochemical workstation (Bio-Logic, France) and EC-Lab software. Electrochemical impedance 

was obtained by employing a frequency range of 1 MHz to 0.01 Hz and an AC amplitude of 10 mV at 

open circuit voltage.  

Thermo-electrochemical measurements: The thermo-electrochemical performance of the gel 

electrolytes was tested in a thermo-cell device with a home-made temperature controller (Figure 

S12). The temperature controller can moderate the aluminium plate to a specific temperature by 

heating or cooling via a Peltier device, which was controlled by a microcontroller (TEC-1091, 

Meerstetter Engineering) together with the TEC Service Software. The thermo-cell consists of two 

electrodes (electrode materials coated on 100 nm Pt coated PI tape) and an acrylic frame (with two 

holes for electrolyte injection) to fix the size of the cell to 1 cm × 1 cm and distance between the two 

electrodes of 2 mm. The electrolyte precursor was injected into the cell and allowed to gel for 1 h 

prior to testing. During testing, the hot side was kept at 35 °C simulating body heat temperature, 

whereas the code side was varied from 15 °C to 35 °C analogous to the outside environment. The 
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open-circuit voltage (Voc) and current-voltage characterization of the cells was measured using a VSP 

electrochemical workstation (Bio-Logic, France).  

Physical Characterizations: Patterns of laser-cut microdevices were observed by optical microscopy 

(Leica DM6000 upright microscope). The cross-section morphology of drop-cast and laser-cut films 

was investigated from a JEOL JSM-7500FA field emission SEM with the accelerating voltage set at 5.0 

kV and the emission current at 10 mA. The tensile tests of the hydrogels (length = 50 mm, width = 10 

mm, and thickness = 2 mm) were carried out using Shimadzu EZ mechanical tester (Shimadzu, Kyoto, 

Japan) with a load of 10 N and tensile speed of 25 mm min-1 at room temperature. 
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Figure 1. Schematic illustration (left) of the optimization for p-n paired thermo-cells, which is the 

basic unit of the integrated thermo-cells (right). 
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Figure 2. Preparation and characterization of the PVA-FeCl2/3 gel electrolyte. a) Illustration of the 

preparation of the PVA-FeCl2/3 gel electrolyte. b) Stress-strain curves of PVA-FeCl2/3 gel electrolyte 

(PVA content: 5 wt.%, FeCl2/3 concentration: 1 M, Mw = 85 ~ 124 kDa) during 100% cyclic strain. c - e) 

Comparison between FeCl2/3 aqueous (concentration: 1 M) and PVA-FeCl2/3 gel electrolyte (PVA 

content: 5 wt.%, FeCl2/3 concentration: 1 M) in terms of c) Cyclic voltammetry (scan rate = 50 mV s-1), 

d) electrochemical impedance spectra, and e) thermo-electrochemical performance: current (solid 

circle) and power (hollow circle) vs voltage (ΔT = 10 °C). 
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Figure 3. Preparation and characterization of electrodes for p-type and n-type cells. a) Schematic 

illustration of the preparation of laser-etched film electrode. b) Cross-sectional SEM image of 

PEDOT/PSS-EFG/CNT film and c) the TEC performance: current and power vs voltage of the devices 

made from laser-etched PEDOT/PSS-EFG/CNT, PEDOT/PSS-EFG/CNT film and pure Pt electrodes in p-

type electrolyte (ΔT = 10 °C). d) Cross-sectional SEM image of PEDOT/PSS film and e) TEC 

performance: current and power vs voltage of the devices made from laser-etched PEDOT/PSS, 

PEDOT/PSS film and pure Pt electrodes in n-type electrolyte (ΔT = 10 °C). 
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Figure 4. A pair of p-n cells. a) Schematic illustration and photo of the p-type and n-type device 

connected in series (denoted as p-n cell). Thermo-electrochemical performance of the p-type, n-

type, and p-n cells showing b) voltage at different △T, c) current (solid circle) and power output 

(hollow circle) vs voltage at △T = 10 K. d) TEC performance: current (solid circle) and power (hollow 

circle) vs voltage of p-n cell at different △T. 
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Figure 5. Multiple p-n cells. a) and b) Photos of thermo-cell arrays with 6 pair and 18 pair p-n cells 

connected in series. c) Thermo-electrochemical performance of multiple pairs of p-n cells at △T = 10 

K, d) 18 pair of p-n cells charging capacitors and supercapacitors with different capacitance, and e) 

demonstration of thermally charged supercapacitors illuminating a green LED. 
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Figure 6. Flexible and wearable p-n cells. (a) Schematic and (b) photos of the flexible watch-strap 

shaped thermo-cell for body-heat harvesting. 
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A proof-of-concept of high-performance wearable thermo-cells is made through the systematic 

investigation into wearable thermo-cells with regard to the development of n-type gel electrolytes, 

the integration of gel electrolytes into three-dimensional porous electrode, and advanced device 

design. The demonstration of wearable thermo-cells harvesting body heat, charging supercapacitors 

and illuminating LED lights, shows the potential for real application.  
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