University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Liu, Y;Zhang, S;Zhou, Y;Buckingham, MA;Aldous, L;Sherrell, PC;Wallace, GG;Ryder,
G;Faisal, S;Officer, DL;Beirne, S;Chen, J

Title:
Advanced Wearable Thermocells for Body Heat Harvesting

Date:
2020-12-01

Citation:

Liu, Y., Zhang, S., Zhou, Y., Buckingham, M. A., Aldous, L., Sherrell, P. C., Wallace, G.
G., Ryder, G., Faisal, S., Officer, D. L., Beirne, S. & Chen, J. (2020). Advanced Wearable
Thermocells for Body Heat Harvesting. Advanced Energy Materials, 10 (48), https://
doi.org/10.1002/aenm.202002539.

Persistent Link:
https://hdl.handle.net/11343/276384



Advanced wearable thermo-cells for body heat harvesting

Yuging Liu*?", Shuai Zhang”, Yuetong Zhou? Mark A. Buckingham3, Leigh Aldous®, Peter C. Sherrell’,
Gordon G. Wqllace®", Gregory Ryder?, Shaikh Faisal’, David L. Officer’, Stephen Beirne®, and Jun
Chen*” “

P

(* TiﬁaWtribute equally to this work)

Dr.Y. Liu

Cr

State Key Labogata@g of Electronic Thin Film and Integrated Devices

S

University of r@fic Science and Technology of China

Chengdu, 610054, PRIChina.

U

Dr.Y.Liu,S.Z
Beirne, Prof. )

hou, Prof. G. G. Wallace, Dr. G. Ryder, Dr. S. Faisal, Prof. D. L. Officer, Prof. S.

&t

Intelligent Po earch Institute and ARC Centre of Excellence for Electromaterials Science,

Australian Innovative Materials

University of Wo ng

M

Wollongong, 0, Australia

E-mail: junc@uow.edu.au and gwallace@uow.edu.au

I

M. A. Buckin L. Aldous,

O

Department try, Britannia House

King's Coll

Gty

This is the author mafuscript accepted for publication and has undergone full peer review but has not
been through

editing, typesetting, pagination and proofreading process, which may lead to
is version and the Version of Record. Please cite this article as doi:

This article is protected by copyright. All rights reserved.

'.) Check for updates


https://doi.org/10.1002/aenm.202002539
https://doi.org/10.1002/aenm.202002539
https://doi.org/10.1002/aenm.202002539
mailto:junc@uow.edu.au
mailto:gwallace@uow.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1002%2Faenm.202002539&domain=pdf&date_stamp=2020-10-01

WILEY-VCH

London, SE1 1DB, UK

Dr.P.C. !lere”
Departme @ ical Engineering

The Uniwersitysafilelbourne

Parkville, Mlo, Australia

P

Keywords: ien ells, body heat, gel electrolyte, electrode/electrolyte integration

SC

Abstract: Thermo-8lectrochemical cells (thermo-cells) designed for harvesting human body heat can

U

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

1

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

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

d

electro e integration. Here, a n-type gel electrolyte: polyvinyl alcohol (PVA)-FeCl,;; with
outstandin ility and elasticity is produced, which demonstrates exceptional
electrolyte/electrode integration into a 3D porous poly(3,4-
ethylenediWene)/polystyrenesuIfonate (PEDOT/PSS) electrode via an in-situ chemical

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

and output cUfrent density (1.74 A m™ K') that are comparable with an optimized p-type cell
consisti boxymethylcellulose (CMC)-Ks,,Fe(CN)s electrolyte with a 3D PEDOT/PSS-edge
functionwnene/carbon nanotube(PEDOT/PSS-EFG/CNT) electrode (-1.22 mV K*and 1.85 A
m? K%). T@Ient performance of the n-type and p-type cells enables the effective series

connection of 18 pairs of p-n cells that combines to give an output voltage of 0.34 V (AT = 10

This article is protected by copyright. All rights reserved.
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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 practic!l lication.

1. Introduﬁ

I
The emergh/earable electronic devices has stimulated the demand for a flexible, light-weight

and high—e‘icienc,power supply system.™? In contrast to more traditional energy storage systems

(e.g. battefw supercapacitors™), which require manual recharging, flexible energy harvesters

[5] 71 [8,9]

(including ar®cells,® piezoelectric polymer generators,’®” triboelectric generators and

thermoelectric rators"®*®!) convert energy from the local environment, including mechanical
motion orcture gradients from the human body, to electrical charge."™** These energy
harvesters are environmentally friendly power sources, which potentially provide a pathway towards

the eIiminanuaI device charging and a reduction in battery waste.""” Among these power

source tric generators (TEG) attached to the human body are highly attractive, as the

heat contj eing emitted by the body (up to 20 mW/cm?) enables a constant power supply, in

contrast to motion-based, or solar-based energy harvesting technologies.™®*****”! We have recently

[

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

ovided possible designs for a skin-conformal TEG.™ However, relatively low

electronic

@

figures of merit (such as the Seebeck coefficient, S. =AV/AT, which is typically on the order of uVv K

1)el iance on rigid and expensive thermoelectric materials have greatly limited the
practicaWent of TEGs for wearable applications.!”” Thermo-electrochemical cells (thermo-

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

redox c%lectrode& and typically exhibit much higher Seebeck coefficients (on the order

This article is protected by copyright. All rights reserved.
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of mV K?%) than TEGs.™® 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 weara*e hnologies.!"®?% Thermo-cells are also extremely attractive as they can constantly

generate ided there is a suitable thermal gradient, without any toxic emissions or
chemicaﬂwss!e.
Great pro 3 been made in flexible and wearable thermo-cells, however, this progress has

C

[20-22]

focused on ain aspects: flexible electrodes and leak-free gel electrolytes.>2*! To prepare

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

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

ERS

wearable TECs used an activated carbon textile (ACT) coated with carbon nanotubes (CNTs).””

Further in

1

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

graphene/ 5,221 MWNT foam,!?*?” activated carbon cloth,” CNT/PtNPs aerogel®”’ and

d

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

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

\

cell pe n addition, the charge carrier electrolyte has been the subject of intensive

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

f

wearable a ion.” In gel electrolytes, the selection of a suitable polymer for the redox active

a

species pla ost important role. The polymer needs to provide a mechanical matrix sufficient

to prevent(8olvent leakage but also have a high diffusion coefficient (on the order of 10° cm” s™) of

g

3-/a-

redox couples toJenable sufficient transport. For the [Fe(CN)g] redox system, various water-

t

]

soluble p agar agar,”” gelatin,”® poly(sodium acrylate),”® polyvinyl alcohol™** and

celluloses!

U

ave_been explored, where gelation was induced by cooling down a hot mixture

A

This article is protected by copyright. All rights reserved.
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3./4-

containing [Fe(CN)g] and a polymer. Polyanions with carboxyl functional groups, including poly

(sodium acrylate)'?® and carboxymethylcellulose (CMC),** are able to form gels containing high
concentMFe(CN)e]}”' (as high as 0.4 M). In addition, superabsorbent polymer hydrogels
(like polyamml or polymer films (e.g. cellulose)®' can also be immersed in the aqueous
redox eEcr!Tyeand produce a gel electrolyte. Optimizing the weight percentage of the polymer is
crucial to bﬁan: the mechanical properties and enable fast ion transport. However, all previous

reports ar ndent studies on either the electrode or the electrolyte. There have been no

reports of wwhere advanced electrodes are coupled to new, optimized, gel electrolytes; this
is crucial a rfacial properties, specifically wettability and charge transport phenomena, vary

dramatical en traditional metal and the advanced carbon-based electrodes.

To date, dEents in thermo-cells have focused on optimization for individual cells. However,
coefficients can be coupled in series to form an array that improves the overall output voltage for
practical applicis (Figure 1).79%°*% These arrays of thermo-cells are analogous to the p- and n-
doped n erefore denoted as p-type and n-type thermo-cells in this manuscript. The output

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

with appraprié esign considerations, single cells with alternating negative and positive Seebeck

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

type half-c fficient and optimal performance.”” It is noted that most of the literature on

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

is smaller shan th@ reductant), often based on [Fe(CN)6]3'/4", with only a few reports focused on

fabricationme gel electrolytes (where the absolute charge of the oxidant is larger than the

reductant). :he performance of n-type cells with either aqueous®*? or gelled

This article is protected by copyright. All rights reserved.
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[19,33,34]

electrolytes are intrinsically lower than p-type cells in terms of current due to sluggish

kinetics."™® For example, Aldous et al. investigated the fundamentals of combining the conventional
[Fe(CN)S]’H thermo-cell with Fe(ll/lll) sulfate as an n-type thermo-cell, both electrically in-
series and B% Zhou et al. mixed polyvinyl alcohol with FeCl,;; as an n-type thermo-cell, and
coupled'it ith 80.02 M [Fe(CN)¢*"* redox couple as a p-type cell.’® Kimizuka et al. prepared a

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

mV K by cing polymer-ion interactions.®® Pringle et al. prepared the first aqueous gel

electrolytewn a cobalt redox couple, Co(bpy)s;Cl,;s, using a cellulose film as the polymer
matrix, w its a Seebeck coefficient of +1.21 mv KB4 Despite these efforts, the best
reported :;jrent and power for n-type cells is still one order of magnitude lower than the p-
type cells. ! addition to the electrolyte, flexible electrodes which can catalyze the redox reaction of

n-type coum—xot been well studied in detail to date. Therefore, the study on the n-type cells in
o

terms of b lectrode and gel electrolyte is a key challenge to develop effective p-n cells and
produce e integrated arrays of p-n cells.
In this ’ tematically investigated the performance of both p-type and n-type thermocells

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

developmeﬁigh performance p-n cell arrays for practical body-heat energy harvesting

application strated in Figure 1). Firstly, to address the relatively low performance of n-type

devices, w! systematically prepared a flexible and stretchable n-type gel electrolyte (PVA-FeCly).

This PVA-FeCl trolyte can accommodate a wide range of FeCl,;; concentrations (0.1 M to 2 M)

without af$e gelation process and maintaining the thermo-electrochemical performance of

the Fe**/Fe" redox, couple. This n-type gel electrolyte demonstrated comparable performance with

This article is protected by copyright. All rights reserved.
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the previously developed p-type electrolyte of carboxymethyl cellulose (CMC)-K;/,Fe(CN)s with Pt
electrodes.™ The performance of both p-type and n-type cells was optimized using 3D structured
poly(3,4Moxythiophene)/polystyrenesulfonate—edge functionalised  graphene/carbon
nanotubes -EFG/CNT) and PEDOT/PSS film electrodes, respectively. A pair of p-type and
n-type ﬁﬁcells) with comparable output current were coupled to achieve a power density

equal to the, suga of p- and n-type half-cells, indicating the low internal resistance of electrode
materials. D

demonstrated the scalability of the system, fabricating an array with 18 pairs of
p-n series wule to charge capacitors to above 0.3 V. Finally, we prototyped the p-n array into
a watch-st integrated device, which efficiently converted body heat to electrical energy and

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

2. Results Essions
2.1, Devel@-type gel electrolyte

An n-ty - 23 gel electrolyte was prepared by chemically cross-linking PVA in the presence of
FeClys. ve gel formation, 1 M FeCl,;; was dissolved in 5 wt.% PVA (85 — 124 kDa) in H,0,
forming a relatively low-viscosity solution. Glutaraldehyde (GA) diluted solution (5 wt.%) was then
added, acchd by rapid and vigorous stirring. The mixed solution was immediately poured into
a mould o @ into the thermo-electrochemical cell. In the weakly acidic Fe?/Fe*" solution, the
cross-linked drogel was formed via the reaction between the hydroxyl groups of PVA and the
aldehy imyGA (forming acetal or hemiacetal links between PVA polymer chain).?* After 0.5

hour, the !ross-llnked gel electrolyte was able to be removed from the mould (for physical

characterization) ;directly used as an electrolyte in thermo-cells.

<

This article is protected by copyright. All rights reserved.
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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

t

¥

over 360 s. After repeated cyclic stretching to 100% strain (Figure 2b), the gel electrolyte
shows less astic deformation (over 60 cycles), indicating its excellent elasticity and cyclic

stability.”®.These robust mechanical properties (flexibility, elasticity, and toughness) emphasizes the

[

potential of this gel electrolyte in wearable applications and even epidermal devices.?” Meanwhile,

G

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

the subjectlof hislvork but merit considerable further study for wearable devices.*”! The effect of

$

the molec t and concentration of PVA, as well as the concentration of FeCl,;; and acidity of

U

the electr ere investigated to achieve optimal parameters with respect to mechanical

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

[

Figure S1- while, extended thermo-electrochemical performance over 4 days were test to

d

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

Informatio Figure S5d). Below we discuss the performance of the optimized n-type gel

V]

electrol

The electrgehemistry of the as-prepared PVA-FeCly; gel electrolyte (5 wt.% PVA and 1 M FeCl,;3

[

concentrati evaluated and compared to a 1 M FeCl,;; aqueous electrolyte (Figure 2c-d) using

a thin-film

O

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

g

=50 mV_sH) to th8 liquid electrolyte, with a slightly smaller separation between the reduction and

t

oxidation o) (216 mV vs. 257 mV). The AE, relates to the reversibility of the redox couples in

U

gel and liquid electrolyte, indicating that the electro-activity of redox couples has not been affected

A

This article is protected by copyright. All rights reserved.
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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 anm:urrent density (Figure S1d and Figure S2d).”>*® The high frequency domain of
eIectrochemance spectra (EIS) of both gel and liquid electrolytes shows a small equivalent
series re-si nce (ESR) (50 Q, derived from the intercept of the real part of impedance with the x-

axis), indicaE g jat the gel electrolyte exhibits a comparably high ionic conductivity to the liquid
39

electrolyte expected, a larger electron transfer resistance (Rgr, defined by the size of the

semicircle wequency domain) was observed in the gel polymer electrolyte (90 Q) than in the
liquid elec 0 Q).2%% However, this charge transfer resistance was still small enough to
enable rap;; transport and enable rapid redox reactions, as evidenced by the CV results.
Therefore,ge redox reaction of the as-prepared PVA-FeCl,;; gel electrolyte is quasi-reversible and

displays simtrochemical performance compared with the liquid electrolyte.®

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

electrolytes w rther investigated. As discussed in the experimental section, sputter-coated

platinu for the electrodes with a 2 mm inter-electrode spacing. While maintaining the
temperatus of the hot electrode (Ty) at 35 °C and gradually decreasing the cold electrode
temperatur rom 30 °C to 15 °C, the output voltage was observed to change linearly with AT
(Figure S3), Seebeck coefficient of +0.78 mV K. The Seebeck coefficient was slightly smaller
comparﬂf an aqueous electrolyte system (+0.81 mV K™). This difference is hypothesized to

arise from Ihe hiﬁ,er thermal conductivity of cross-linked polymer gels (PVA-FeCl,; gel: 1.02 W m™

K™, PVA g m™ K') compared to water-based systems (PVA aqueous solution: 0.588 W m™

K*?, water:; :ml K*, the value of PVA-FeCl,; solution and FeCl,/; aqueous solution were not

This article is protected by copyright. All rights reserved.
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measured to avoid the corrosion of the metal thermal sensor by acidic solution).”” Since the use of
chemical cross-linking clearly demonstrates significant advantages such as strong mechanical
strengthﬁconcentration of redox couples, the slight decrease in Seebeck coefficient is
acceptable shows a simple linear current - voltage and parabolic power - voltage
reIationawi!m short circuit current density (Jsc) of 8.2 A m™ and maximum power density (Puax)

-2

of 17.1 mWi flgure 2e). The smaller Jsc (8.2 A m?) of the gel electrolyte compared to the liquid

electrolyte ) arises from the lower Rgr (Figure 2d). The result shows the n-type electrolyte

performaanarable to reported p-type electrolytes when sputter-coated Pt was used as

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

2.2. Electrode optimization for p- and n- type cells
Once the ce had been fully optimized, development of advanced electrodes tailored to

match ourrolytes was undertaken to achieve the maximum possible device performance.
To ena inti contact between the electrode materials and the flexible substrate, a simple
drop—caEd 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.[sm For a homogenous drop-casting dispersion, a water-dispersible and commercially
available c polymer PEDOT/PSS was used as a dispersing agent for carbon-based materials
(i.e. EFG an s). Uniform PEDOT/PSS-EFG/CNT dispersions could be formed when the ratio of
PEDOT/PS&as Iarlﬁer than 25 wt.% in the composite. Diethylene glycol (DEG), which is a commonly

empon“y dopant for PEDOT/PSS used to boost the electrical conductivity, was added to

all samples.: f: Indeition, a thin layer of PEDOT/PSS (0.3 mg cm™) was prepared as a soft and

adhesivgve flexible substrate, prior to the PEDOT/PSS-EFG/CNT film drop-casting process.

This article is protected by copyright. All rights reserved.
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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 CO, laser cutter was used

t

P

to etch the electrode materials creating = 100 um wide channels (Figure S7) with a depth equal to
the thickn electrode. This process was used to increase the surface area and increase

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

1

on Pl tape weregassembled into a TEC device, followed by injection of the gel electrolyte (p-type:
CMC-K3/4Fe -type: PVA-FeCl,;, respectively) into the device. TEC performance of the film

electrodesfandythg full TEC device was evaluated while applying a AT = 10°C between the two

SC

electrodes C and T¢ = 25°C). Step-by-step optimization of the electrode composition and film

u

thickness ( plementary Information text and Figure S9 and Figure $10) was performed to

attain highV\gerformance electrodes.

[})

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

d

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

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

Vi

versus 10.2 mV, demonstrating an improvement in ‘observed AT’), short circuit current

density (1885 A m™ versus 19.5 A m?and 10.2 A m™), and maximum power density (72.9 mW m™

£

versus 60.7 2 and 32.9 mW m?) at AT = 10 °C. A high Pya/AT? value of 0.73 mW K? m™

(comparab rature values for high-performance electrodes)®” was calculated to account for

O

the differdlice in AT of thermo-cells run at different operating temperatures. We ascribe the

g

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

:

3b), and t tched channels enabling a high ion-accessible surface area with high electrical

U

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

A
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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
networkthanding electrical conductivity and known electrocatalytic behavior for the
[Fe(CN)e]* ple.82L42744] However, the thick PEDOT/PSS-EFG/CNT film electrode also
exhibits-ln ased 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 thﬁexposure of thermally conductive Pt to the gel polymer electrolyte. The key

benefit of ghigdadditional process was that the effective temperature difference between the cold

>

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

U

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

the output\urrent. An improved Pyax was thus achieved from 60.7 mW m™ to 72.9 mW m™.

[}

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

d

time was measured (Figure S11a) and the long-term PMAX/ATZ(PMAX=1/4>< Isc XVoev) Was calculated.

The high curre tput and Puax/AT? decreased initially before stabilizing after 30 min of thermo-

M

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

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

[

the laser-e EDOT/PSS-EFG/CNT maintains a higher long-term current density (1.15 A m™

Qa

versus 1.0 and Pya/AT? (0.0351 mW K2 m™ versus 0.0255 mW K> m™) compared to an

unetched @lectrode. The 38% improvement in Puax/AT? indicates the efficacy of the laser-etching

g

process rm Puax/AT? of our optimized device is comparable with reported gel electrolyte

{

systems.*

U

A
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Once the p-type cell electrode was optimized, electrodes suitable for use with our developed PVA-

FeCl,;; electrolytes (n-type) were investigated, with a target of reaching comparable performance to

{

P

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

PEDOT/PS uperior performance surpassing all the other studied carbon-based materials

incIuding P S-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

C

Fe?'/Fe®" r ple. As reported in the literature, excess PSS in PEDOT/PSS can enhance cation

transport tiiroligh Ehe polymer electrode with a particularly high affinity for multivalent cations such

$

as Fe*" an e to their strong electrostatic attractions, Fe** and Fe*" ions can easily absorb

U

onto the e surface of PEDOT/PSS film electrodes.***”! Along with the high electrical

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

[

electron tr e predicted in the PEDOT/PSS electrodes.” The performance of PEDOT/PSS was

d

further imprév increasing the mass loading to 4 mg cm™ (Figure $10b) and adding an additional

laser-etchi re 3e) process for enhanced output current and output voltage. A full summary of

\

the tes s and their relative performance is shown in Table S1.

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

f

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

O

voltage (8. 'sus 6.7 mV and 8.0 mV), short circuit current density (17.4 Am™ versus 14.4 A m™

and 10.2 ), and maximum power density (38.3 mW m™ versus 24.3 mW m™ and 20.6 mW m™).

g

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

t

combinati conducting polymer-based electrode materials, which exhibit comparable

U

performance Wwith_carbon-based materials in aqueous electrolyte.®*® |n addition, the ease in

A
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dispersion preparation and the processability of PEDOT/PSS has greatly simplified the film
preparation process compared to the alternative carbon-based electrodes.?**! In terms of long-
term pe#ce,the laser-etched process shows the same benefit in n-type devices as in p-type
device (Fig here is a 25% improvement in current density (1.5 A m™ versus 1.2 A m?) and
60% increase I Pu/AT? (0.0322 mW K? m™ versus 0.0201 mW K2 m?) when comparing the laser-
etched PEDQT/PSS device to the unetched device. The long-term Pua/AT? is also comparable with
the literatu ted gel electrolytes."®***¥) |n addition, it is found that the output current of this

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

S

value (17. rsus 18.5 A m™?) and the long-term value (1.5 A m?versus 1.15 A m?), indicating

U

the potent ective p-n in-series connection.

2.3. Pairin cells

1

o

As mentionfed @Bbo¥e, the selection criteria for efficient series connection between p-type and n-type

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

optimizatio h electrolyte and electrode for both p-type and n-type devices. Here, a typical

M

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

etched PEBIOT/PSS and PEDOT/PSS-EFG/CNT and electrolytes of PVA-FeCl,;; (1 M FeCl,;3) / 0.08 M

[

HCl and C (CN)s [0.4 M Ks/4Fe(CN)s] were used in n-type and p-type cells, respectively.

Q

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

1

As exp he voltage of the p-n combined cell was approximately equal to the sum of the

absolut

{

both p-type and n-type devices, and increased linearly with AT (Figure 4b). Thus,

the effective Seellleck coefficient of the p-n cell was 1.96 mV K*, approaching the sum of the

Gl

absolute valu ach component (-1.17 mV K™ for p-type device, and +0.85 mV K™ for n-type

A

This article is protected by copyright. All rights reserved.

14



WILEY-VCH

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 AT = 10 K, indicating the efficient matching and
low resiwe electrical connections between the devices (Figure 4b and Figure S11c). The p-
n cell perf arious AT (5~20 K) was examined, yielding linear V vs | and parabolic P vs V

reIationﬁﬂgﬁ(emperature differences. These results indicate that the p-n cell was stable at a
variety of tempegatures.

2.4. Prototmultiple p-n cells

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

fabricated (6 pairsif p-n cells in Figure 5a, and 3 x 6 pairs of p-n cells in Figure 5b) and the scalability
(with resp number of p-n units in the device) was probed. With a AT of 10 K, the voltage
increases Imm 20.1 mV to 351 mV with increasing number of p-n cell pairs from 1 to 18. We
also note urrent output (blue curve, Figure 5c) decreased when the number of p-n pairs
increas increasing amount of electrical resistance between cell connections. As a result,
the power oEeaches a plateau when there are 18 pairs of p-n cells. Due to the high energy
output (up to 38.3 pW) from the 18 pair configuration, the p-n cell arrays (AT = 10 K) were able to
charge nfi onlx a capacitance dielectric capacitor (C = 10 mF), but also electrochemical
supercapadi = 47 mF, 100 mF, 470 mF) to more than 300 mV. The charge rate for 10 mF, 47
mF and 10 supercapacitors is high and charging could be achieved in a few minutes. One
problem 5; usin; the gel electrolytes in-series is the decrease in long-term performance, which

resulteste in the charging rate of supercapacitors after extended durations, especially for

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

expecte&d 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

t

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

power a L

|
2.5. Flexibl@ and wearable p-n cells

To harvestfibody Reat, a flexible thermo-cell, which can conform to a curved surface is required.

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

S

challenging&Wer®hen the individual components are highly flexible, as the top electrodes (air-side)

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

el

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

i

between p ere electrically connected on one flexible substrate (i.e. polyimide tape) but the

top electrq@es e not connected and separated on different substrates (Figure 6a). In this case,

da

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

high curvat untered with anatomical parts. Meanwhile, flexible and thermally conductive

Vi

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

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

F

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

G

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

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

h

power a arable and portable electronics from low-grade body heat.

!

3. Conclusion

U

A
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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
establismay paired p-n cells. We have shown that an optimized n-type PVA-FeCl,;; gel
electrolyte y an in situ chemical cross-linking exhibits comparable performance to the
state-ofﬂhgwype electrolyte [CMC-K3,4Fe(CN)g)]. Then, we developed and optimized both p-

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

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

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

these ther:y connecting multiple p-n cells in series, achieving an increased voltage to 0.34 V

at AT=10 current large enough to charge supercapacitors. Furthermore, the demonstration
of a flexibls watch-strap shaped thermo-cell that could harvest body heat, charge supercapacitors

and light amD, highlighted the potential of these devices in real applications. We believe this
i

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

introduce s great significance for the realization of body heat harvesting and application in
real sel earable electronics.

4. Experimstal Section

M. The PEDOT/PSS used was the Orgacon” ' DRY product from Agfa

Q

om . Multi wall carbon nanotubes (MWCNT) were obtained from Carbon
@Plus. Edge functionalized graphene (EFG) was prepared in our
WS.[S % Diethylene glycol (DEG), polyvinyl alcohol (PVA, Mw: 31,000 -

50,000, 8;000 - 124,000, 146,000 - 186,000 Sigma 363162), carboxymethylcellulose

g\/m, Mw: 250,000), iron (II) chloride tetrahydrate (FeCl,-4H,0), iron (I1I)
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chloride (FeCls), potassium ferricyanide [K3;Fe(CN)g], potassium hexacyanoferrate

(IT) [K4Fe(CN)g-3H,0], glutaraldehyde solution (25 wt.% in H,O) were purchased

{

fro a-Aldrich.
PVA-FeCl,3 te solution: PVA-FeCl,; solutions were prepared by dissolving FeCl,-4H,0 and
I

FeCl; pow@er into pre-prepared PVA aqueous solutions (with magnetic stirring) for 1 h. PVA

solutions 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

5G

FeCl,;;. The chemical cross-linker of diluted GA (5 wt.% in H,0, mass ratio of PVA:GA = 40:1) was
then drop nt@'the mixed solution with vigorous magnetic stirring for 30 s. Subsequently, the

PVA-FeCl,/s-GA solution was immediately poured into a PDMS mould or injected into the assembled

Ul

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

N

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

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

d

enhanc ith the final concentration varying from 0.02 to 0.3 M was added into the PVA-

FeCl,;; solution ore the addition of chemical cross-linker (GA).

Vi

CMC-Ks3,Fe(CN)s gel electrolyte: CMC-Ks/,Fe(CN)s gel electrolyte was prepared following the method

described et al,® whereby the appropriate amount of CMC powder was added to 0.4 M

1

KsFe(CN)e/ s agueous solution with magnetic stirring overnight. The prepared viscous CMC-

KssFe(CN)s sofltion was stirred for at least 30 min prior to being injected into thermo-

electro ices for performance testing.

th

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

A

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

1200 rpm in. This ball milling process works on the principle of impact and attrition when

A
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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 Mnd bath sonicating for 30 min. DEG (weight ratio of DEG: PEDOT/PSS=1:1.86) was
added to dispersion prior to stirring. The PEDOT/PSS ink was prepared by directly
dispersﬁg e OT/PSS in water with the addition of DEG. PEDOT/PSS, PEDOT/PSS-EFG,
PEDOT/PSS-CNTPEDOT/PSS-EFG/CNT films were prepared by bar coating a thin layer of the mixed
dispersion ated-PI tape, where the sputter coated 100 nm platinum functions as current

collector. The film3iwere dried at room temperature overnight, followed by heating in an oven at 70

eCfor2h t:move DEG.

Laser-etching of film electrode: The laser-etching step was conducted using a 10.6 um CO, laser
cutting sy jversal PLS6MW Multi-Wavelength Laser Platform, 30 W, spot size of = 25 um)
under ammditions. 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.

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 game (Figure 5a, with each cell size [/ x w x t] being 0.5 x 2 x 0.2 cm), drop-casted and

d

laser-etch ectrodes on sputter coated platinum, and a PI tape substrate. Firstly, 100 nm Pt

O

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

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

h

selectiv ted on the platinum coated electrode area (0.5 x 2 cm) and laser-etched via the

[

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

Gl

electrode-Pt co Pl and sealed by epoxy resin glue. Finally, electrolyte precursors were injected

A
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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 at ic frame with a 3D printed flexible PDMS frame. To enable the production of flexible

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

I
Electroche!ical characterizations of polymer gel electrolyte: The electrochemical performance of the

gel eIectrom tested using thin-film platinum electrodes (ED-SE1-Pt, Micrux) equipped with
All-In-One m,

in which the working (diameter = 1 mm), reference, and counter electrodes
were screw platinum. 400 pL of the gel electrolyte precursor was dropped into the cell and
allowed to ge! 5 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 obtairmwploying a frequency range of 1 MHz to 0.01 Hz and an AC amplitude of 10 mV at

open circui’va v%

Therm ical measurements: The thermo-electrochemical performance of the gel
electrolytes ted in a thermo-cell device with a home-made temperature controller (Figure
$12). The temperature controller can moderate the aluminium plate to a specific temperature by
heating or&oolinﬁ via a Peltier device, which was controlled by a microcontroller (TEC-1091,

Meerstett@ering) together with the TEC Service Software. The thermo-cell consists of two

electrodes ( ode materials coated on 100 nm Pt coated Pl tape) and an acrylic frame (with two
holes for egtroI;te injection) to fix the size of the cell to 1 cm x 1 cm and distance between the two
eIectrod“. The electrolyte precursor was injected into the cell and allowed to gel for 1 h

prior to testing. 5ring testing, the hot side was kept at 35 °C simulating body heat temperature,

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

electrochemical workstation (Bio-Logic, France).

{

Physical Ch izations: Patterns of laser-cut microdevices were observed by optical microscopy
(Leica DM microscope). The cross-section morphology of drop-cast and laser-cut films
I

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

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

C

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

Japan) wit adf 10 N and tensile speed of 25 mm min™ at room temperature.

US
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Structure of p-n paired thermo-cells Integrated thermo-cells with p-n

. pairs connected in series
Air side

Skin side

I Gel electrolyte and El Electrode for n-type cell

B Gel electrolyte and ™% Electrode for p-type cell
Metal current collector

I\

Figure 1. 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. G@n and characterization of the PVA-FeCl,;; gel electrolyte. a) lllustration of the
PVA-FeCl,/; gel electrolyte. b) Stress-strain curves of PVA-FeCl,;; gel electrolyte
6, FeCly;3 concentration: 1 M, Mw = 85 ~ 124 kDa) during 100% cyclic strain. c - €)
en FeClys aqueous (concentration: 1 M) and PVA-FeCly; gel electrolyte (PVA

conten l,/s concentration: 1 M) in terms of c) Cyclic voltammetry (scan rate =50 mV s™),
d) electroche impedance spectra, and e) thermo-electrochemical performance: current (solid
circle) r (hollow circle) vs voltage (AT = 10 °C).
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(a) Pt on KaptonTape p-type electrode: PEDOT/PSS-EFG/CNT
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Figure 3. ion and characterization of electrodes for p-type and n-type cells. a) Schematic

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

PEDOT, T 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 eIectSIyte (AT = 10 °C). d) Cross-sectional SEM image of PEDOT/PSS film and e) TEC
performanée® nt and power vs voltage of the devices made from laser-etched PEDOT/PSS,

PEDOT/PS@ pure Pt electrodes in n-type electrolyte (AT = 10 °C).
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Figure p-n cells. a) Schematic illustration and photo of the p-type and n-type device

connected in
type, a ells showing b) voltage at different AT, c) current (solid circle) and power output
(hollow Itage at AT =10 K. d) TEC performance: current (solid circle) and power (hollow
circle) vs voltage of p-n cell at different AT.

(denoted as p-n cell). Thermo-electrochemical performance of the p-type, n-
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Figure 5.
connected j

-n cells. a) and b) Photos of thermo-cell arrays with 6 pair and 18 pair p-n cells

e

¢) Thermo-electrochemical performance of multiple pairs of p-n cells at AT =10
cells charging capacitors and supercapacitors with different capacitance, and e)

demonstration 0¥thermally charged supercapacitors illuminating a green LED.

Author M

This article is protected by copyright. All rights reserved.

30



WILEY-VCH

;[ (a) Design of flexible watch strap shaped thermo-cells (b) Photos of flexible watch strap shaped thermo-cells
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Figure 6. Flexi nd wearable p-n cells. (a) Schematic and (b) photos of the flexible watch-strap
shaped thermo-cellfor 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. Htration of wearable thermo-cells harvesting body heat, charging supercapacitors

and iIIuminaMights, shows the potential for real application.
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