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Potentially Wearable Thermo-Electrochemical Cells for Body
Heat Harvesting: From Mechanism, Materials, Strategies to

Applications

Yuging Liu, Hongbo Wang,* Peter C. Sherrell, Lili Liu, Yong Wang, and Jun Chen*

Wearable electronics are becoming one of the key technologies in health care
applications including health monitoring, data acquisitions, and real-time
diagnosis. The commercialization of next-generation devices has been
stymied by the lack of ultrathin, flexible, and reliable power sources. Wearable
thermo-electrochemical cells (TECs), which can convert body heat to
electricity via an electrochemical process, are showing great promise as power
sources for such wearable systems. TECs harvest orders of magnitude more
voltage per temperature difference (Seebeck coefficient (1-34 mV K~')) when

1. Introduction

Wearable electronic systems are becoming
one of the key technologies in healthcare
applications including health monitoring,
wireless data acquisitions and transfers,
and real-time diagnosis. The emergence of
wearable electronics needs for power sup-
ply systems that are light, flexible, and user
friendly.’] As the alternative to energy

compared to the more common thermoelectric generators (Seebeck
coefficient ~tens or hundreds of pv K='). However, there still remain great
challenges for TECs progressing towards wearable applications. This review
summarizes the recent development of potentially wearable TECs with
promise for body-heat harvesting, with a specific focus on flexible electrode
materials, solid-state electrolytes, device fabrication, and strategies toward
applications. It also clarifies the challenges and gives some future direction to
enhance future investigations on high-performance wearable TECs for

practical and self-powered wearable devices.
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storage systems (including batteries!®!]
and supercapacitors(!>14l),  self-powered
systems that harvest energy from the
human body or the outside environment
(e.g., solar,™>1®] mechanical energy!'’-1%)
is attracting increasing attention from
researchers. These self-powered systems
use energy that is environmentally friendly
and sustainable, with recent developments
in advanced wearable energy conversion
devices enabling efficient power extraction
from users (especially the elderly).?*-?*] For
example, solar cells are widely applied, and
show the greatest potential among energy conversion devices,
with the latest advances surrounding flexible and stretchable
solar cells.'>2*5] The fast growth of piezoelectric and tri-
boelectric generator devices, driven by improved mechanistic
understanding,!?®?’] has led to the emergence of self-powered
systems via harvesting mechanical energy from the human
movement.[2-32] However, these energy harvesting strategies rely
on either the exposure to sunlight or the circumstances when
human movement exists, limiting the opportunity for energy
harvesting.[!]

Alternatively, human body heat is considered a promising
source of constant energy, which could fill the gap of solar
and mechanical energy harvesting.****! Our human body can
continually provide thermal energy up to 20 mW cm™ and
there is always a temperature difference between the skin and
the outside environment.'**34] To harvest this energy, ther-
moelectric generators (TEG) were first studied. Owing to the
recent development of organic thermoelectric (TE) materials,
flexible and even stretchable TEGs prototypes were gradually
reported, where the Seebeck coefficient (S, = AVAT) was
greatly limited to tens of pV K~1.13-38] The converted voltage
output from low-grade body heat (where /\T is in the range
of 5 °C-10 °C) is thus far from the requirement of wearable
electronics (the order of hundreds of mV to several V) unless in
series connecting hundreds of single devices together.35-38]
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Figure 1. Schematic illustration of the current directions in developing wearable thermoelectrochemical cells and the potential applications in wearable

electronic systems for healthcare.

Thermo-electrochemical cells (TECs), which can convert heat
to electricity via the temperature dependence of the electro-
chemical process, display Seebeck coefficients hundreds of times
higher than flexible TEGs.?*#! This high performance, coupled
to cheap and environmentally friendly electrode and electrolyte
materials and simple device construction, is leading to increas-
ing interestin TECs for low-grade heat harvesting. While all TECs
have the same basic configuration of two electrodes sandwiching
an electrolyte, there exist multiple subclasses of TECs defined by
their different operating mechanisms including thermogalvanic
cells (TGCs),[***] thermally chargeable capacitors (TCCs),[*>*]
and thermally regenerative batteries.*#*%] These subcategories of
TECs features key advantages that can aid in application speci-
ficity in terms of energy output consistency, maximum output
voltage, or conversion efficiency. Meanwhile, each possesses its
challenges in designing feasible devices to supply power for wear-
able applications.

This article presents an overview of the recent advances of
wearable TECs in terms of flexible electrodes, solid-state and flex-
ible electrolytes, and device design (Figure 1). We summarize the
development and potential of TECs in wearable applications for
body heat harvesting, make comparisons, clarify the challenges
and provide future directions for each type of TEC, focused on
improving the overall output performance for wearable applica-
tions and self-powered wearable systems.

2. Potential Wearable Thermogalvanic Cells

2.1. Thermogalvanic Cells

The configuration and mechanism of a thermogalvanic cell
(TGC) is illustrated in Figure 2, which shows a TGC consists
of two identical electrodes with an electrolyte containing redox
couples. When a temperature gradient is applied across the cell,
temperature-dependent redox reactions between redox couples
(e.g., M™* and M"*) will take place at the electrode/electrolyte
interfaces, forming the potential difference between the two elec-
trodes. Once the two electrodes are connected with the external
load, the charge on the electrode materials provided from the re-
dox reaction can flow through the external circuit. Meanwhile,
the redox species consumed on one electrode will be supplanted
through migration from the other electrode where the reverse re-
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Figure 2. The configuration and working mechanism of a TGC device.

action is occurring, keeping continuity of the reaction and thus
electricity generation.*!]

The potential difference generated in the cell is dependent on
the reaction entropy of redox couples across the cell. If the redox
reaction in TCCs is:

M™ +(m—n)e” & M"* (1)

If we define M™* and M"* as A and B respectively, the See-
beck coefficient S, (thermally generated voltage per temperature
difference) is given by:

_ a_v _ Vhot - Vcold
< oT B Thot - Tcold
(S5 +35) = (Sy + 84) —nS. _Sy=S,

- nF T wF

2)

where Vis the voltage generated across the two electrodes, nis the
number of electrons involved in the reaction, F is Faraday’s con-
stant, S, and Sy are the partial molar entropies of species A and
species B, and their respective Eastman entropies are denoted
by 8, and S, accordingly.S, is the transported entropy of the
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Figure 3. a) Dependence of open-circuit potential on the temperature difference between hot and cold C-ACT electrode (Inset: Photograph of the
plastic thermocell). b) Thermocell discharge and specific output power as a function of the current density of the pristine ACT and C-ACT electrodes.
a,b) Reproduced with permission.[”] Copyright 2015, Tsinghua University Press and Springer. c) Cross-sectional SEM image of 90% SWNT-10% rGO
composite and d) Current density versus voltage and power density versus voltage generated using various electrode compositions at AT = 31 °C.

Reproduced with permission.[78] Copyright 2013, Wiley-VCH.

electrons in the external circuit. In most cases the Eastman en-
tropy and S, is negligible compared to S, and S, so the S, is
mainly dependent on the partial molar entropies of species A and
species B, which is determined by the chemical nature of redox
couples and the surrounding solvent environments.[*1:5]

Most of the current investigations on TGCs are based on
the liquid electrolyte system, where the p-type redox couples
of Fe(CN)*/47 15152 and n-type redox couples like 17/1,7,[53>]
Fe2t [Fe3t 15456571 Coll/l (bpy),2+/3+15859] are the most commonly
investigated due to the large entropy change between oxidants
and reductants in solvents. The definition of p/n type for re-
dox couples originates from that of thermoelectric materials.[®]
Specifically, the redox couple has a negative (or positive) sign indi-
cates that the hot electrode behaves as the anode, which is analogs
to a p-doped (or n-doped) thermoelectric and defined as p-type (or
n-type) redox couple.[*®! To amplify the entropy change of redox
couples for a high S, efforts have focused on; varying the sol-
vation shell of the redox active species by using different solvent
systems (e.g., water,*>!] organic solvents,**) ionic liquids!>***! or
their mixtures!®?]); the incorporation of additives (like chaotropic
cations for Fe(CN,)>/*1%3] and a-cyclodextrins for I~/1,7[646]);
and employing different counter ions, such as Cl~, SO,2~, NO*~,
ClO,~ for Fe?*/3+57.67] NTf,~ and Cl~ for Co'/""!(bpy),2*/3*.[68]

In addition to the S,, the exchange current density is also
important to achieve the high-power output of TGCs. Gen-
erally, the exchange current density is dependent on the ion
concentration and diffusion coefficient of electrolytes,[®*’] the
charge transfer resistance on the interface of between the elec-
trode/electrolyte as well as the electric transport ability of the
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electrode materials.>973] Therefore, electrode materials with
the high catalytic surface, high electrical conductivity, and large
surface area such as platinum, carbon materials and conducting
polymers are highly promising.

2.2. Potential Materials for Wearable TGCs
2.2.1. Flexible Electrode Materials

Wearable TGCs are required to be flexible, light-weight, and soft.
A key challenge is to develop such a flexible electrode without
sacrificing the high-performance properties (such as the catalytic
surface, high electrical conductivity, and large surface area, etc.)
required for TGCs. In recent years, two main strategies have been
employed to prepare such flexible electrodes, either using a rel-
atively inflexible active material on a flexible substrate such as
PET sheets, textiles, cloth, etc.,l’#7°! or alternatively developing
intrinsically flexible electrode materials.[17778]

Carbon Textile or Carbon Cloth Based Electrodes: Carbon tex-
tiles or carbon cloths are good candidates as flexible sub-
strates that also possess acceptable electronic conductivity.l”®!
Kim et al. reported the first carbon textile-based electrodes (Fig-
ure 3a,b), where the carbon nanotubes (CNTs) are deposited onto
an activated carbon textile (ACT) via a dip-coating method.!”]
They demonstrated that the CNT coated ACT (C-ACT) exhibits
lower charge transfer resistance (R,), mass transport resis-
tance (R,,), and equivalent series resistance (ESR) than the
pure ACT, and thereby yielding more than two times higher
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thermo-electrochemical performance than the pure ACT in
terms of normalized current density (139.15 vs 62.32 mA m™
K1) and normalized power density (48.86 vs 21.9 pW m~2 K2)
in 0.4 m K;;,Fe(CN); electrolyte. It is worth mentioning that, us-
ing this flexible electrode, a real flexible TGCs device in harvest-
ing body heat was reported, which will be discussed further in
the device design (Section 2.3).

Instead of depositing active materials onto a purchased car-
bon textile or carbon cloth, Baughman et al. devoted efforts
to the treatment of the purchased carbon cloth products and
greatly enhanced the exchange current density and power out-
put of TGCs.”®l Commercial carbon cloths were modified by
simple thermal annealing (1500 °C in argon) or soaking in al-
kaline solution (in 2 m KOH for 24 h) followed by post thermal
treatment (900 °C in argon). Thermal annealing was shown to
boost the electrical conductivity from 2.6 S cm™ to 160 S cm™!,
while the alkaline treatment approach enhanced the electroac-
tive surface area (ESA), producing a porous structure and in-
creasing the wettability to electrolytes. As a result, the activated
carbon cloth (A-CC) film electrode exhibits the highest normal-
ized power density (P,,./(/\T)?) of 1.80 mW m~2 K2 in the
K,Fe(CN),/(NH,),Fe(CN), electrolytes, even surpassing that of
extremely expensive platinum foil (1.38 mW m=2 K~?). Despite
that flexible devices are not demonstrated in this work, these
flexible A-CC film electrodes show the great potential of carbon
textile/cloth-based electrodes in flexible TGCs.

Intrinsically Flexible Electrode Materials:  Exploring active ma-
terials that are intrinsically flexible is another effective method to
achieve high-performance electrodes. The network of 1D carbon
nanotubes (CNTs) usually exhibits remarkable mechanical prop-
erties in addition to excellent electrical conductivity, large surface
area, and good catalytic behavior.®%! In Ray Baughman’s group, a
CNT buckypaper was made from a network of multi-walled car-
bon nanotubes (MWNT) by vacuum filtration, which exhibited
a high electrical conductivity of 100 S cm™ and a large internal
surface area of 278 m? g~1.5! The TGCs made by this MWNT
buckypaper delivered a high P, /(/\T)? of 0.38 mW m=2 K2
in 0.4 m K;,Fe(CN); aqueous electrolyte, which is higher than
that of a platinum electrode (0.28 mW m~2 K~2). After the flexi-
ble MWNT film electrode is assembled into a flexible TGC device,
and then wrapped on a cooling pipe for energy harvesting, the
TGC yielding a V. of 21 mV ata AT of 15 °C and normalized
power density of P /(/AT)? of 0.18 mW m~2 K~2. Such flexi-
ble TGCs exhibit lower P, , /(/\T)? than that of the Teflon TGCs
may arise from the decreasing distance between electrodes (from
2.6t0 0.2 cm for flexible TGCs). The lower distance between elec-
trodes is good for a flexible device while resulting in faster heat
transfer and smaller A\ Tbetween electrodes. How to get the elec-
trodes closer while keeping a relatively large /\ T between them
is still the main challenge of flexible TGCs nowadays.

However, the mass transport of electrolyte ions is limited
through pure CNT electrodes owing to the tortuous nature.l”® To
solve this problem, Chen et al. incorporated reduced graphene ox-
ide (rGO) into the SWNTs and achieved a higher P /(/A\T)?of
0.46 mW m~2 K2 (Figure 3c,d).”®] The performance enhance-
ment is attributed to the increased porosity and low tortuous-
ness of the composite film electrodes, which was confirmed by
the increased ESA and fast electron transfer kinetics. Mean-
while, the incorporation of 2D rGO sheets induced partial
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alignment into the composite film, while maintaining good
flexibility.

Beyond purely carbon-based materials, conducting polymers
are another promising active material for flexible electrodes,
as they can exhibit flexibility, possess molecular porosity, pos-
sess an intrinsically high surface area for small reactants,
and are favorable ion transport conductors.>31831 Poly(3,4-
ethylenedioxythiophene) /polystyrenesulfonic acid (PEDOT/PSS)
is a promising conducting polymer. Its phase structure can
be changed by dopants (such as ethylene glycol,®* diethylene
glycol,/®] dimethyl sulfoxide,®®! or ionic liquids(*!) and the poly-
mer will exhibit different electrical and electrochemical proper-
ties. Crispin et al. first reported PEDOT/PSS-based electrodes
in TGCs, in which PEDOT/PSS films were treated by a sec-
ondary dopant with dimethyl sulfoxide (DMSO).[8] After DMSO
treatment of the core—shell structured (conductive PEDOT/PSS
core and insulating PSS shell) PEDOT/PSS film, the excess hy-
drophilic PSS was separated into nanodomains and an intercon-
nected network of highly conducting PEDOT/PSS was created
(Figure 4a). This percolating PEDOT/PSS network greatly en-
hanced the electrical conductivity (by over three orders of mag-
nitude from 0.4 to 805 S cm™'). Owing to the fast electron trans-
fer and good penetration of aqueous electrolytes, PEDOT/PSS-
based TGCs exhibita P, /(/\T)? of 0.45 mW m~2 K2, which is
comparable with the well-developed carbon-based electrodes and
platinum electrodes.

PEDOT/PSS can also be incorporated into well-developed car-
bon systems (i.e., graphene or CNT film), which can alleviate
the mass transport problem caused by the large tortuosity of
CNTs and the sheet restacking of graphene electrodes.!”78287]
Chen et al. prepared a composite film electrode made by comb-
ing PEDOT/PSS, edge functionalized graphene (EFG), and CNT
via a simple drop-casting method (Figure 4b).82] The water-
dispersible PEDOT/PSS works as a dispersing and film-forming
agent, in addition to providing an ion transport pathway and in-
creasing the porosity of EFG/CNT. EFG/CNT in turn offers more
catalytic surface in the composite film. Meanwhile, an additional
laser-etching process was applied on the composite film, facil-
itating the penetration of the electrolyte and improving the ef-
fective temperature difference between the cold and hot elec-
trode/electrolyte interface. As a result, an instantaneous high
P/ (AT)? of 0.72 mW m~2 K2 was achieved in the viscous
gel electrolyte containing 0.4 M K; ,FeCNj. They also investigated
the electrodes in an n-type electrolyte of PVA-FeCl, ; (1 m FeCl, ;)
system and suggested that pure PEDOT/PSS film exhibited supe-
rior performance of P, /(/\T)? 0f 0.38 mW m~2 K2, which sur-
passes all other composite materials such as PEDOT/PSS-CNT,
PEDOT/PSS-EFG, and PEDOT/PSS-EFG/CNT film. This was at-
tributed to the negative charges on excess PSS in PEDOT/PSS
having a particularly high affinity for multivalent cations and thus
enhanced the cation transport through the polymer electrode.
These results broaden the application of the flexible PEDOT/PSS
electrodes in TGCs.

2.2.2. Gel Electrolyte

For practical use of thermogalvanic cells in wearable devices, as
an important type of solid-state electrolytes, gel electrolytes have

2100669 (4 0f23) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

b Pt on Kapton Tape

PEDOT/PSS-EFG/CNT
(b) on

Jol

SN

Film Electrode

I
Laser Etchihg

Flexible Film

Figure 4. a) Schematic diagram of charge transport (pink arrows) within the polymer electrode and the electron transfer (green arrows) at the poly-
mer electrolyte interface for poor-conducting (the left top one), intermediate-conducting (left-middle), and high-conducting PEDOT/PSS electrodes
(left-bottom). The blue “snake” lines (on the left-hand side) mimic aggregates of PEDOT chains that display short-range order through z—z stacks.
Reproduced with permission.[3'] Copyright 2018, National Academy of Sciences. b) Schematic illustration and SEM images of laser-etched PEDOT/PSS-
EFG/CNT and PEDOT/PSS film electrodes. Reproduced with permission.[82] Copyright 2020, Wiley-VCH.

been gradually developed as they avoid leakage issues of elec-
trolytes and exhibit excellent mechanical properties of flexibil-
ity and/or stretchability.®® The gel electrolytes usually consist of
a polymer host which can provide mechanical strength and the
electrolyte containing redox couples.[®] Both p-type and n-type
redox couples have been made into these kinds of gels. The me-
chanical and thermo-electrochemical performance of these gels
are greatly dependent on the concentration of redox couples as
well as the chemical nature, molecular weight, and concentration
of polymer gelling agent.[8$37]

Gel Electrolytes Consisting of p-Type Redox Couple of Fe(CN, )*/+:
Fe(CN,)*/*~ is a benchmark p-type redox couple in TGCs, and
in aqueous solution usually exhibits the best performance of all
studied electrolytes. Therefore, great attention has been paid to
develop a gel electrolyte based around the aqueous Fe(CN)*/+=
system. Due to the high chemical activity of Fe(CN)*/*-, the poly-
mer matrix and the gelling process should be chemically inert
and harmless to these reactive redox couples.

As one of the most widely used polymer hosts for gel elec-
trolytes in supercapacitors, poly(vinyl alcohol) (PVA) gel elec-
trolytes were a clear starting point for TGCs. Zhou et al. pre-
pared a PVA-K; ,FeCN; gel electrolyte which contained 10 wt%
PVA and 0.1 m K; ,FeCN by simply mixing their solutions.!**]
The prepared gel is homogeneous, exhibits good moldabil-
ity, and possessed a high mechanical strength. Despite the
low concentration of redox couples and the lack of system-
atic investigations in this short communication, the work high-
lighted the potential of gel electrolytes for TGCs igniting further
research.[38]

Adv. Sci. 2021, 8, 2100669

In recent years, polyanionic polymers like poly(sodium acry-
late) or carboxymethylcellulose sodium (CMC) have been proved
to be a good mediator for the preparation of K, ,FeCN¢ based
gel electrolytes. These polyanionic polymer gels show compat-
ibility with the redox couples and do not hinder redox species
transport or diffusion as they do not electrostatically retain the
anionic redox couple (i.e., Fe(CNg)*/*7).I%] For example, Aldous
etal. prepared a polyanionic polymer-based gel electrolyte by sim-
ply mixing the 5.5 wt% poly(sodium acrylate) beads into 0.1 M
K;,FeCNj solution via manual stirring and ultrasonication (Fig-
ure 5a,c).?%! These gels show cyclic voltammetry almost iden-
tical to that of the aqueous electrolyte (0.1 m K;,FeCNy) in a
three-electrode system, indicating highly reversible redox chem-
istry and unhindered diffusion of the redox couples in a gel elec-
trolyte. As a result, the gel electrolyte exhibits a typical thermo-
electrochemical behavior with a stable Seebeck coefficient of -1.09
+ 0.04 mV K. In this work, they also provide demonstrate ex-
amples of other polymer gelators that do not present good per-
formance, including polysaccharide (food-grade agar agar) (Fig-
ure 5b), a protein (food-grade gelatin powder), a nanomaterial
(fumed silica). Among them, gelatin gels melt at a relatively low
temperature of 35 °C, while the fumed silica requires an acidic
environment to form effective gels, thus they are unfavorable for
K;/,FeCN; Only agar agar formed a free-standing gel, which also
shows a significant reduction in the current density of voltam-
metry curves compared with the poly (sodium acrylate) gels and
aqueous electrolytes. In addition, they provide a method to deter-
mine the gelation of quasi-solid-state electrolytes through a sim-
ple “inversion” test method, where the sample is in the container

2100669 (5 of 23) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. Displaying photographs of a) gels prepared with 5.5 wt% poly(sodium acrylate) with just water (transparent) and with 0.1 M K;[Fe(CN)¢]/0.1
M K, [Fe(CN)g] (yellow), passing the inversion test, and b) freestanding gel on a fingertip prepared with 5.5 wt% agar agar and 0.1 m K;[Fe(CN)¢]/0.1 m
K4[Fe(CN)g], cut to size for the CR2032 internal cavity. Also shown is c) an optical microscope image of a thin layer of a typical 5.5 wt% poly(sodium
acrylate) gel. a-c) Reproduced with permission.[8?] Copyright 2016, Elsevier. d) Illustration of the biphasic cellulose-K; 4,FeCNg gel electrolytes. e) Seebeck
coefficients of the aqueous solution and the solidified electrolytes (error bars are based on the largest observed standard deviation for the different
systems); the inset shows the physical appearance of the solid redox electrolyte with 5 wt% cellulose. f) Diffusion coefficients of [Fe(CN)4]*~ and
[Fe(CN)¢]?~ in the solution and the solid electrolytes at 22 °C. d-f) Reproduced with permission.[®® Copyright 2016, American Chemical Society.

and the container is turned upside down. A gel will not flow un-
der its weight as it possesses a higher storage modulus (G’) than
loss modulus (G”), while the liquid (even a viscous liquid) will
show significant flow.

Similarly, Pringle et al. also verified a series of polymers,
among which the polyanionic carboxymethylcellulose sodium
(CMC) and polyacrylamide (PAAm) were shown to be the most
effective hosts for K; ,Fe(CN), based electrolyte in terms of ther-
mal energy harvesting.!l In this study, gel electrolytes based
on other polymers including polyurethanes (HydroMed D, and
HydroSlip) and PVA were also employed but were not regarded
as a suitable host for K;,,Fe(CN)s. The former gels accommo-
dated 0.4 M K;,Fe(CN); but showed very low Seebeck coefh-
cients and power output (<0.005 mW m~2), while the latter one
encountered serious flocculation problems when the redox con-
centration of Fe(CN,)*/*~ was above 0.05 M, resulting in limited
power output (0.005 mW m~ K™?). Both the CMC-K; ,FeCN
gels and PAAm-K; , FeCN contains a high concentration of re-
dox species (0.4 M) and could achieve both a high Seebeck co-
efficient (-1.25 and -1.43 mV K~!) and maximum power outputs
(0.029 and 0.027 mW m~2 K~2).

It should be noted that the PAAm gel electrolyte developed in
this work is a chemically cross-linked and free-standing gel elec-
trolyte. It is mechanically stronger than the abovementioned gel
electrolytes which are cross-linked physically by hydrogen bond-
ing, hydrophobic interactions, or electrostatic interactions. While
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those gels are flow and leakage free, they cannot maintain their
original shape with applied deformation or heating. The robust
mechanical properties of the PAAm gel electrolyte enable the
thickness to be minimized to 1 mm without encountering of
electronic short-circuits between two electrodes during the de-
formation of the TGC device. The thinner electrolyte decreases
the ion diffusion pathway and further enhances the performance
of PAAm gel electrolytes from 0.027 mW m~2 K2 (thickness =
10 mm) to 0.071 mW m~2 K2 (thickness = 1 mm).

Another promising gel electrolyte is developed by incorporat-
ing the K;,Fe(CN), electrolyte into a well-developed cellulose
matrix via a solvent exchange method (Figure 5d,e).*"! In con-
trast to other gel electrolytes described above, it is a biphasic
quasi-solid-state electrolyte as opposed to a gel, as the polymer
of cellulose is insoluble in water. In this quasi-solid-state elec-
trolyte, the cellulose formed a porous network which could lock
in the 0.4 m K, ,Fe(CN), aqueous electrolyte, and also provide
mechanical properties from a “soft sponge” to a “tough rubber”
with the concentration of cellulose ranging from 2.5 to 20 wt%.
Meanwhile, the addition of the cellulose network also plays an
important role in the thermal energy harvesting of K, ,Fe(CN),
species due to the additional heat transfer pathway and tortuous
ion diffusion channel provided by the high 3D and honeycomb-
like porous structure of the cellulose network. After optimization,
the electrolyte with 5 wt% cellulose content exhibited the highest
Seebeck coefficient value of -1.38 mV K~! and power density of
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14 mW m~2 at AT = 15 K (0.062 mW m~2 K2) at a distance of
3 mm between two nickel electrodes.

It can be observed that the performance of gel electrolytes is
highly inferior to the liquid counterparts in terms of power out-
put due to the low ion transport/diffusion rate. To overcome this
problem, efforts are focused on the incorporation of additives in
the electrolyte/electrode surface or into the gel electrolyte. The
addition of gold nanoparticles on the surface between a graphite
electrode and a sodium polyacrylate gel electrolyte could lower
the electron transfer resistance on the surface and lead to a 20%
increase of output power, whereas such improvement is offset
by long-term stability issues as the inert gold nanoparticle is
unstable in the presence of K;,FeCN; under thermogalvanic
conditions.®?! In addition, ionic liquids (ILs) are also incorpo-
rated to improve the electrochemical reversibility of the redox
reactions, however, ILs reduce the ion diffusion coefficient with
the increased viscosity.®!] Future work will focus on alternative IL
candidates that can increase the solubility of redox couples and
lower the viscosities of ILs.

To conclude, significant progress has been made on gel-based
p-type electrolytes through a screening selection of compatible
polymers, optimization on the polymer content, and the thick-
ness of gel electrolytes, enabling the successful fabrication of gel
electrolytes working in TCCs. While these gels remain inferior to
their liquid counterparts, great progress has been made.

Gel  Electrolytes Consisting of n-Type Redox Couples of
Co(bpy);#+/3+, Fe?*/**, I-/I,;7: Apart from the most exten-
sively investigated p-type redox of Fe(CN),*/*-, various n-type
redox couples including Co(bpy);**/3*, Fe**/3*, 17/1,~ were
also incorporated into various polymers to achieve comparable
performance with p-type gel electrolytes.

[Co(bpy);][NTH,],/; (where bpy = 2,2"-bipyridyl and NTf, =
bis(trifluoromethanesulfonyl)amide) has a large and positive See-
beck coefficient of 1.5-2.2 mV K™! in organic solvents due to the
additional entropy effects arising from the spin-state change of
the central metal ion (Co?*/**) during the redox reaction.>*]

Based on this redox couple, Pringle et al. investigated
two kinds of quasi-solid-state electrolytes. First, they use
polyvinylidene difluoride (PVDF) and poly(vinyl-idene fluoride-
co-hexafluoropene) (PVDF-HFP) as gelator and prepared the gel
electrolyte via the mixing and gelation method (Figure 6a).%*] The
prepared PVDEF-based electrolytes show superior performance in
terms of a higher temperature range of gel states (<70 °C vs
< 60 °C), higher diffusion coefficient, and lower mass-transfer
resistance due to the impeded ion diffusion raised by the inter-
actions between the [Co(bpy);]** cations and the polar groups
on the PVDF-HFP polymer. With the similar S, of both gels at
around 1.80-1.84 mV K~!, PVDF-based gels containing 0.05 m
[Co(bpy);][NTf,],; shows a higher power density of 6 mW m™
than 4.5 mW m~2 in PVDF-HFP gels at the same AT of 40 °C.
Subsequently, the PVDF-based gels were further optimized via
tuning the polymer content, the concentration of redox couples
and electrode separation. The results show that the P, /AT?
could be improved from 0.00375 to 0.014 mW m= K% with
5 wt% PVDF, 0.1 M redox couple and an electrode separation
of 1 mm. It should be noted here that PVDF-HFP is a highly
piezoelectric polymer,[”>%! and ordered gels formed from these
polymers could complement the charge generated by the TGC,
in the studies here no deformation was applied to the device and
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thus the reported values are from thermo-electrochemical perfor-
mance only. Another gel of biphase cellulose-[Co(bpy),][NTE,], 5
electrolyte is prepared by the solvent exchange method (Fig-
ure 6a). Compared with the PVDF-based gel, it is free-standing,
robust, and mechanically flexible. After the optimization of poly-
mer concentration, electrolyte thickness, and concentration of
redox couple, the gel also can deliver a similar P, /AT? of
~0.014 mW m~2 K2

In consideration of the toxic and flammable nature of or-
ganic solvents, the environmentally friendly aqueous-based gel
electrolytes are more desirable for wearable applications. A
cellulose-[Co(bpy);]Cl, ; water-based gel electrolyte was therefore
developed.[®®! Due to the changed solvent environment and un-
known mechanism, the Seebeck coefficient decreased greatly
from +1.83 to 1.15 mV K. The current density and power out-
put are further limited by the low maximum concentration of
[Co(bpy);]Cl,/; (0.05 M) in water, with a relatively low P, /AT
of only 0.003 mW m~2 K~2. Water-based Co(bpy);*/** gels elec-
trolyte need further study, and the investigations of gels based on
alternative n-type redox couples are required.

The cationic Fe?*/>* is one of the well-developed redox couples,
which is soluble at high concentrations and has good chemical
stability in water with S, varying from 0.5 to 1.76 mV K~! depend-
ing on the counter anions (e.g., CI"!, SO,>~, NO,~, ClO0,").[¢]
Particularly relevant is the strong acidic nature of the Fe?*/*+ in
water due to hydrolysis effects, which complements the required
gelation environment for PVA.[%]

Zhou et al. directly mixed PVA and FeCl,; solutions and pro-
duced a PVA-FeCl, ; film through a mold. The gel film exhibits
superior stretchable properties with a strain up to 500% of its
original length. Despite the gel exhibiting a much higher ther-
mal conductivity of 1.88 W m~! K™! than the liquid counterpart
(0.6 W m~! K1), it has less heat convection through the polymer
matrix, while the Seebeck coefficient is maintained at 1.02 mV
K= which is close to the value of aqueous electrolytes (%1 mV
K-1). Meanwhile, the gel electrolyte has an electrical conductivity
comparable to solid-state electrolytes at around 10 mS cm™!, and
could deliver a constant normalized current density of 0.13 A m™2
K~! and normalized power density of 0.033 mW m~2 K~2, which
is higher than the Cobalt-based redox couples in an organic gel
system.[38]

Another PVA-FeCl, ; gel electrolyte was prepared by an in situ
chemical crosslinking method (Figure 6b) and delivered com-
parable performance (0.85 mV K! and 0.033 mW m~2 K2 in
long-term power delivering test).[®2! It should be noted that with
the chemical crosslinking of polymer chains via glutaraldehyde
(GA), the gel electrolyte exhibits not only flexibility, stretcha-
bility and also excellent elastic properties, with only 10% plas-
tic deformation after repeated cyclic stretching to 100% strain
for 60 cycles. The gel could also recover its shape after re-
peated bending and twisting, which increases the potential of
this gel electrolyte in wearable applications and even epidermal
devices.

The power output of PVA-FeCl, ; gel electrolyte is catching up
to that of K; ,Fe(CN), based gel electrolytes. Recently, a perchlo-
rate electrolyte of Fe(ClO,), ; was explored for TGCs, exhibiting
both a higher Seebeck coeflicient of 1.76 mV K~! and current
density than the K; ,Fe(CN), liquid electrolyte.[”] It is reason-
able to believe that the Fe(ClO,),;-based gels will be developed
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Figure 6. a) Photo of PVDF- [Co(bpy);][Nsz]w and cellulose-[Co(bpy)3][NTf,],/; gel electrolytes. left: Reproduced with permission.[*] Copyright

2018, Wiely-VCH. right: Reproduced with permision.[68]

Reproduced with permission.[82] Copyright 2020, Wiley-VCH c) Schematic of the p-n conversion mechanism for the 17/15~
drophilic/hydrophobic conversion of PNIPAM nanogels and the equilibrium reaction between |~ and I3~

2019, Elsevier.

in the near future, which could be comparable to the p-type gel
electrolytes.

I7/1;~ is a redox couple with an intrinsically positive Seebeck
coefficient, whereas Zhou et al. have prepared a gel electrolyte
with conversed high negative Seebeck coefficient utilizing a ther-
mosensitive polymer of poly (N-isopropylacrylamide) (PNIPAM)
(Figure 6¢,d).**! The PNIPAM nanogels synthesized by emul-
sion polymerization have a transition temperature at ~32 °C,
above which the gel transforms from a hydrophilic to a hydropho-
bic state. In these PNIPAM nanogels, the relatively hydrophobic
I,~ can be captured by the dehydrated nanogels at the hot side
through the hydrophobic interaction and released at the cold side,
yielding a concentration gradient of free I,~ across the cell and
resulting in the inversion of the Seebeck coefficient from 0.71

Adv. Sci. 2021, 8, 2100669

Copyright 2018, Elsevier. b) lllustration of the preparation of the PVA-FeCl, 3 gel electrolyte.

system. d) The hy-
.¢,d) Reproduced with permission.[?#! Copyright

to -1.91 mV K~!. Benefiting from a higher value of the absolute
Seebeck coefficient, the prepared PNIPAM-I7/I,~ gel electrolyte
delivers a maximum power output of 0.35 pW that is seven times
higher than the pristine I"/I,~ aqueous electrolyte. This work
opens a new perspective for controlling the Seebeck coefficient of
redox couples in gel electrolytes. Besides, the transition temper-
ature of 32 °C matches well with the temperature of the human
body, making it specifically suitable for body heat harvesting.

A comparison between the discussed gels is provided below
in Table 1. Of note, there is a strong matching in Seebeck coeffi-
cient and power output for the CMC-Fe(CN)>/*~ p-type gel and
the PVA-Fe?*/3* n-type gel, indicating this couple could provide a
strong starting point for studying alternating p—n device geome-
tries, which will be discussed further in the following section.
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Table 1. Comparison of discussed gel electrolytes for wearable TGC devices, orange colored cells correspond to p-type, and blue to n-type electrolytes.

Concentration Matrix

of redox species

Redox species

Seebeck coefficient

Power output Comments Refs.

[mV K] [mMW m=2 K~2]

Fe(CN)g>/4- 0.02 M PVA

Fe(CN)g> /4= 0.1m Poly(sodium acrylate)

Fe(CN)g3/4- 0.4 m cMmC

Fe(CN)g> /4= 0.4 M PAAmM

FeCNg3/4- 0.4m Cellulose

0.1m PVDF

0.1™m

[CO(bP)’)z][NTfZ]z/z

[Co(bpy)sl[NTh]y/3 Cellulose

0.05 m Cellulose

Co(bPY)3]C|z/3
FeCl, s PVA
PVA

FeCly/3

I=/13~ PNIPAM

-1.21 0.012 First report of gel (28]
electrolytes for TGCs

-1.09 189]

Highly reversible redox
chemistry, excellent
diffusion

High concentration of )

-1.25 0.029
redox species

—1.43 [91]

0.071 High concentration of
redox species;
Chemically cross-linked
and freestanding
electrolyte

-1.38 0.062 Is a biphasic 190]
quasi-solid-state
electrolyte rather than a
true gel

Achieved 1 mm thickness 193]

[68]

1.8 0.014

0.014 Is a biphasic quasi-solid
state electrolyte rather
than a true gel

1.15 0.003 Is a biphasic 163]

quasi-solid-state

electrolyte rather than a

true gel

1.02 0.033 Freestanding and (88]
stretchable electrolyte

Crosslinked via 182]

0.033
glutaraldehyde,
excellent elastic
properties

[94]

-1.91 Inverted polarity of the

redox couple

2.3. Potential Design Strategies for Wearable Thermogalvanic
Cells

The fabrication of a flexible device requires that all parts of the
device are flexible, while maintaining a high performance of ther-
mal energy harvesting. Apart from the flexible electrodes and
gel electrolytes, the packaging materials and/or the substrate of
electrode materials are usually flexible polyethylene terephthalate
(PET) or polyimide sheets, and the electric connections are usu-
ally copper wires, sputter-coated gold or platinum.l”! Currently,
all the single-cell devices are constructed in a sandwich structure
for the shortest ion pathway and high-power output.

Kim et al. fabricated a flexible device using the CNT-ACT
electrodes.[””! The device was constructed using a conventional
sandwich structure, where flexible PET sheets and fabric were
employed as packaging materials and separators, respectively. Af-
ter sealing the device by hot pressing, an aqueous electrolyte of
0.4 M K;,FeCN was injected to obtain an intact, flexible, TGCs
device. The fabricated devices are pliable to accommodate curved
shapes including the body and pipes with various curvatures.
When attached to a shirt worn by a person and connected to a

Adv. Sci. 2021, 8, 2100669

capacitor, the TGCs device could harvest body heat, charge the
capacitor to 1.2 mV in 10 s and achieve a maximum output power
density of 0.46 mW m~2. This work provides us a typical model
in developing a flexible TGCs device concerning all components,
despite that the low voltage output from this single device is far
from the needs of wearable electronics.

To continue to develop flexible TGCs for implementation into
real-world wearable applications, the electrically series connec-
tion of single cells is necessary to multiply the voltage output.
The arrangement of p-type and n-type devices alternately con-
nected in series is an emerging state-of-art strategy, which avoids
the hot-to-cold thermal short-circuit between adjacent cells occur-
ring in devices with the same polarity.[®¥) Meanwhile, it should
be noted that a comparable output current between p-type and n-
type devices is necessary for the efficient series connection, which
should be achieved via the optimization of both electrolytes and
electrodes for both p-type and n-type devices.

Zhou et al. provided demonstrations of flexible TGCs made
by multiple p-n cells for body heat harvesting.®®*] In this
work, polyimide was used as the substrate for the patterned
Au electrodes and electrical interconnections, with the gel
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Figure 7. a) The integrated gel-based thermocell. Both the PFC and PPF gels were sandwiched between two flexible substrates (polyimide, Pl). With
alternating top and bottom interconnections, the PFC and PPF gels are connected sequentially in series. The magnified insets illustrate the opera-
tion mechanism of the gel-based thermocell. At a certain temperature difference, the thermovoltage polarity of PFC and PPF is exactly reversed. The
top right inset is a photograph of the integrated device (scale bar: 2 cm). b) The voltage and current generated by the thermocell from body heat.
The inset shows a photograph of the wearable thermocell on a hand.a,b) Reproduced with permission.[®] Copyright 2016, Wiley-VCH. c) Schematic
and d) photos of the flexible watch-strap shaped p-n thermocell for body-heat harvesting. c,d) Reproduced with permission.[82] Copyright 2020,

Wiley-VCH.

electrolyte placed in the designated location (Figure 7a). An elas-
tic polyurethane frame with a number of holes for individual
cells was used when a liquid electrolyte was involved. The work
demonstrated that the flexible TGCs consisting of more than 50
pairs of p-type and n-type devices (p—n cells) could generate an
output voltage above 0.6 V (Figure 7b) and charge capacitors with
a capacitance of 100 pF when worn on the arm of a person. Chen
etal. also made multiple pair of p—n cells, where the PEDOT/PSS-
based composite film was optimized according to the selected gel
electrolytes and boosted the transient power output. 18 pairs of
p—n cells could achieve a voltage output of more than 300 mV,
charge electrochemical supercapacitors with capacitance as large
as 470 mF, and power the light-emitting diodes (LED) lights at a
small AT of 10 °C. Meanwhile, to maintain uniform heat transfer
through electrodes and make it comfortable to wear, strategies in-
cluding the use of thermally conductive aluminum foil and the
design of top-electrodes separated between adjacent pair of p—
n cells were employed. The device consisting of 30 pairs of p-n
cells worn on the arm of a person could charge 470 mF super-
capacitors and power a green LED with a voltage booster during
long-term wear (Figure 7¢,d).

Adv. Sci. 2021, 8, 2100669

3. Potential Wearable Thermally Charged
Capacitors

3.1. Thermally Charged Capacitors

Thermally charged capacitors (TCCs) (also called thermally
charged supercapacitors, ionic thermoelectric supercapacitors, or
ionic thermoelectric capacitors) is the combination of a thermal
harvester and an energy storage reservoir. TCCs also consists of
two electrodes connected by an ionic conductive electrolyte, in
which the electrolyte generates thermovoltage and the capacitive
electrode store the generated energy (Figure 8).[4047]

The thermovoltage is raised from the distinct mobility of
cations and anions in the electrolyte under a temperature gra-
dient due to the Soret effect.”®! The resulting gradient of ion
concentration induces the potential difference between two elec-
trodes and the charge induced by the potential difference at the
electrode/electrolyte can then be stored by capacitive electrode
materials.[*047]

As the power output is not constant in TCCs, the energy stor-
age is an important parameter in addition to the figure-of-merit
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Figure 8. Schematic illustration of a TCC device.

(ZT value) of ionic conductive electrolytes. Energy storage in an
idea TCC could be simply defined as:

chh_l 2
= =5CV (3)

E =
h 2

CJ

N | —

where E_ is the charged energy on the electrode, Q, is the charge
stored on the electrode materials, C is the capacitance of the elec-
trode materials in the ionic conducting electrolyte, V is the ther-
movoltage. Therefore, both capacitances of the electrode materi-
als, as well as the thermovoltage produced by ionic conducting
electrolytes are of vital importance to achieve the high perfor-
mance of a TCCs.[*]

Meanwhile, the thermal conductivity and ionic conductivity of
the electrolytes also play a role in the effective utilization of ther-
mal energy and electric energy, so the ionic figure-of-merit (ZT;)
can also be applied here to evaluate the performance of ionic con-
ductive electrolytes as below:

ZT, = S%6T/x )

where S; is ionic seebeck coefficient, ¢ is the ionic conduc-
tivity, T is the absolute temperature and x is the thermal
conductivity.4047]

To achieve high thermoelectrochemical performance and ad-
vance the wearable application of TCCs, efforts have been fo-
cused on developing flexible electrode materials, solid-state and
flexible electrolytes, as well as an optimization of the device de-
sign.
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3.2. Potential Materials for Wearable Thermally Charged
Capacitors

3.2.1. Flexible Electrode Materials

The role of electrode materials in the TCCs is to store the charge
(or energy) accumulated on the electrode/electrolyte interface
generated by TCCs electrolytes, so capacitive materials includ-
ing metal plates, carbon materials, and conducting polymers are
used. Based on the energy storage mechanism, electrode materi-
als can be classified into electrical double layer capacitive (EDLC)
and pseudocapacitive materials.'?] EDLC electrodes physically
store the separated charge on the surface, so an electrically con-
ductive and chemically inert material with a large ion-accessible
surface area like porous carbon materials usually shows higher
capacitance than chemically inert metal plates. Pseudocapacitive
materials, like conducting polymers and metal oxides, store en-
ergy via the reversible faradic reactions between the ions and elec-
trodes and can provide much higher capacitance than EDLCs.
Flexible electrode materials using both the EDLCs and pseudo-
capacitive mechanism have been extensively studied in the area
of flexible supercapacitors, some of which are chosen and utilized
in TCCs based on the composition of the electrolytes.[*>100-102]

Crispin et al. prepared a thick CNT film on sputter-coated gold
film via a drop-casting method.['! Due to the high effective sur-
face area of the nanoporous CNT network (~120-430 m? g~!), the
CNT-Au electrode exhibits a larger EDLCs capacitance of 1.03
mF cm~? than the pure gold electrode of 5.1 pF cm~2 in a PEO-
NaOH polymer electrolyte and can store the energy of 1.35 pJ
cm~2 ata AT = 4.5 K (Figure 9a—). This indicates the effective-
ness of introducing nano-porous electrodes in TCCs devices.

Apart from carbon materials, conducting polymers with large
pseudocapacitance were used in proton-based electrolytes, which
will be electrically oxidized (doped) and reduced (de-doped) in
acidic environments when there is a potential difference (Fig-
ure 9d,e).1%] Wang et al. synthesized a novel flexible conjugated
conducting polymer of PDAQ-BC via the Buchwald-Hartwig cou-
pling method between 2,6-diaminoanthraquinone (DAQ) and
3,6-dibromo-9-(4-bromophenyl)carbazole (DBC) with nanoparti-
cle morphologies (diameter of 100 nm). The nanostructured
PDAQ-BC has a large surface area of 358 m? g~! and the
anthraquinone moieties exhibit excellent redox properties, so
this flexible PDAQ-BC-based electrode produced a pseudocapac-
itance of 102 mF cm™2 in the TCCs using PSSH film as an elec-
trolyte.

Composite materials combining the EDLC and pseudoca-
pacitive materials were also prepared to achieve an enhanced
capacitance.**! Yu et al. deposited pseudocapacitive polyaniline
(PANi) on nanoporous graphene/nanotube (G/CNT) films via
an electropolymerization method. The prepared PANi@G/CNT
electrode exhibited three to seven times higher capacitance (410
F g7!) than the G/CNT electrode (150 F g~!) and pure CNT elec-
trodes (52 F g') in 1 M H,SO, due to the large surface area of
the carbon materials and the high redox activity of PANi. When
assembled into TCCs, the PANi@G/CNT produced an extremely
high capacitance of 487 mF cm~2 in PSSH solid electrolyte, which
is the highest value among all the TCCs devices. Due to the large
capacitance, the device can store energy up to 0.173 mJ cm=2 ata
temperature gradient of 5.3 K (thermovoltage was 38 mV).
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Figure 9. a—c) Capacitance properties of NaOH-PEO with the CNT electrode. a) lllustration of the electric double layer (EDL) formed in CNT
electrodes.l'%] Copyright 2016, The Royal Society of Chemistry. b) Nyquist plots for devices with Au, thin CNT, and thick CNT electrodes in the frequency
range of 100 kHz to T mHz. The inset shows the simulated equivalent circuit: R,,: resistance connected parallel to the capacitance thatis associated with
the leakage current; R;: resistance connected series which represents the internal resistance of the device; C: the capacitance. c¢) CV curves of devices
with the three different types of electrodes, measured at 10 mV s~ a-c) Reproduced with permission.['®1] Copyright 2016, The Royal Society of Chem.-
istry. d) Redox reactions of PANI during the charging and discharging processes. PANI switches between emeraldine salt and leucoemeraldine base by
accepting and releasing electrons during the reduction and oxidation process, respectively. Reproduced with permission.[43] Copyright 2016, Wiley-VCH.
e) Charge—discharge mechanism for PDAQ-BC. Reproduced with permission.l'%2] Copyright 2019, Elsevier.

However, there are only a few investigations on high-
performance flexible electrode materials for TCCs, which is prob-
ably because the emergence of ionically conductive electrolytes
for TCCs is still in its infancy. More focus on developing electrode
materials will be paid after the electrolyte is extensively studied
and developed, and the abundance of supercapacitor literature
can be used as a starting point for matching the electrodes with
the electrolytes once they are developed.

Solid-State  Electrolytes: Most of the electrolytes uti-
lized in TCCs are usually viscous or solid-state polymer
electrolytes®#193] and viscous ionic liquids,!® so there is
almost no leakage consideration for wearable utilization. To
achieve a more comfortable experience for users and to increase
the endurance of the device under repeated deformations during
usage, efforts have been paid to endow the electrolytes with su-
perior mechanical properties including flexibility, stretchability,
and even self-healing properties.

Polyanions with Sulfonic Groups: In most polymer electrolytes
for TCCs, those consisting of small cations and anionic poly-
mer chains with sulfonic groups on the side chains such as
PSSH,*1 polystyrene sulfonate sodium (PSSNa),[“l and poly(2-
acrylamido-2-methyl-1-propanesulfonic acid) (PAAMPSA)!1]
have attracted the most attention. Due to the huge mobility dif-
ference of the lighter proton or sodium ions, and the heavy poly-
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mer anion along the temperature gradient, large ionic thermo-
potentials are produced with ionic Seebeck coefficients of 8, 3,
and 5.6 mV K~! for PSSH, PSSNa, and PAAMPSA, respectively,
in a humid environment, which is much higher than the TGC
and TEG devices.

However, the fragile and brittle nature of these polymer elec-
trolytes will undoubtedly limit the application in flexible elec-
tronics, and thus additives should be incorporated to improve
the mechanical properties.[*! Crispin et al. incorporated com-
monly used flexible additives of cellulose (nanofibrillated cellu-
lose, NFC) into the polyelectrolyte of PSSNa. The prepared NFC—
PSSNa solid-state electrolyte is mechanically robust, flexible, and
foldable compared to PSSNa (Figure 10a,b), exhibits a high value
of tensile strength (o = 16.6 + 1.5 MPa), calculated Young’s
modulus of E=0.9 + 0.1 GPa and a strain at break of e; = 10.2 +
1.2%, which is sufficient for practical handling and processing in
roll-to-roll machines. Despite the relatively lower ionic conduc-
tivity (0.004 S m™') of the composite NFC-PSSNa compared to
that of the pure PSSNa electrolyte (0.026 S m™') at the low hu-
midity of 50% RH, the values increased to a similar level at high
humidity of 100% RH with 0.9 S m™" and 12 S m~! for NFC-
PSSNaand PSSNa, respectively. Meanwhile, the existence of NFC
has increased the ionic Seebeck coefficient from 3 to 8.4 mV K-!
at 100% RH, which is probably due to the entanglement of the

2100669 (12 0‘F23) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 10. a) Photograph of flexible NFC-PSSNa paper as well as the chemical structure of nanofibrillated cellulose (NFC) and polystyrene sulfonate
sodium (PSSNa). b) Tensile strength versus strain for eight different NFC-PSSNa samples with the same composition and thickness. Inset is the
photograph of an 80 mm thick NFC-PSSNa strip subjected to a weight of 100 g. The photographs were taken by Thor Balkhed (Link~oping University).
Reproduced with permission.[#6] Copyright 2017, The Royal Society of Chemistry. c) Schematic images of carrier transfer such as electronic and ionic
carriers in the HDH film at different RH. Reproduced with permission.[19] Copyright 2018, Wiley-VCH.

immobile PSS~ by the nanofibers of cellulose. As a result, the
composite NFC-PSSNa can achieve an overall figure-of-merit
(0.025) higher than the PSSNa alone (0.006), indicating the suc-
cess in pursuing both improved mechanical and thermoelectric
chemical performance.

Compared to the insulating additives, an electrically con-
ductive and mechanically flexible polymer of PEDOT:PSS can
achieve a further enhancement of the thermoelectrochemical
performance of PSSH-based electrolyte.'®) PEDOT:PSS is a
commercialized conducting polymer with a core-shell structure,
in which the core of PEDOT is an electronic thermoelectric ma-
terial exhibiting an electric Seebeck coefficient of ~200 pV K~!
and the PSS shell is the polymer electrolyte wrapped PEDOT
with negative charges and 77—z stacking. Kim et al. found that
by varying the weight ratio of PEDOT:PSS to 1:9 via the doping
of purchased PEDOT:PSS by PSSH, the composite electrolyte is
a mixed ionic-electric conductor (Figure 10c) and can produce a
high ionic Seebeck coefficient of 16.2 mV K1, the ultrahigh ionic
conductivity of 29.1 S m~!, and a high-power factor of 7.6 mW
m~! K2 at 90% RH humidity. This arises from the fast proton
mobility through the ionic conduction channels created inside

Adv. Sci. 2021, 8, 2100669

the composite polymer film and the trap of PSS~ by negatively
charged PEDOT.

In addition to flexibility, stretchability and self-healing prop-
erties are also highly relevant for wearable applications. Those
properties can allow larger deformations of TCC devices with-
out degrading the electronic performance and restore the
mechanical integrity and thermoelectrochemical performance
when damage does occur under deformation. For this purpose,
Jang et al prepared a ternary composite electrolyte material,
in which the conjugated polymer of polyaniline (PANi) and
a physical cross-linker of phytic acid (PA) was added into
proton conductive anionic polyelectrolyte of PAAMPSA. The
PANi:PAAMPSA:PA ternary film exhibited excellent stretch-
ability to 750% strain and self-healable property without any
external stimuli in a relative moisture environment (Fig-
ure 11).1%] The excellent mechanical properties are caused
by the synergetic contribution from the dynamic hydrogen
bonding in PANi/PA and PAAMPSA/PA and electrostatic
interactions between PANi and PAAMPSA (Figure 11a). In ad-
dition, the additional protons from the PO;H, group of PA also
improved the protonation in the sulfonic acid of PAAMPSA

2100669 (13 of 23) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 11. a) Schematic illustration and molecular structures of PANI:PAAMPSA:PA ternary TE hybrids. The crosslinking forms regenerative dynamic
networks through hydrogen bonds and electrostatic interactions between PANI, PAAMPSA, and PA. b) Photograph of a TE hybrid film during the self-
healing and stretching test. ¢) Schematic illustration of the proton diffusion in a PANI:PAAMPSA:PA ternary hybrid film under a temperature difference.
d) Seebeck coefficient, ionic conductivity, and ionic power factor of the TE hybrid at different humidity levels. The point values and error bars indicate
the average and standard deviation respectively. Reproduced with permission.['9] Copyright 2020, The Royal Society of Chemistry.

and enhanced proton transport, so the film electrolytes
exhibited an wultra-high ionic conductivity of 25.6 S
m~!(Figure 11c,d). Meanwhile, the polymer chains with sulfonic
acid groups were more immobile due to the chain entanglement
and the physical crosslinking with PA and PANI, so the ionic See-
beck coefficient increased from 5.6 mV K~ for pure PAAMPSA
conductors to 8.1 mV K~! in the ternary composite at 90% RH
humidity. As a result of the synergetic enhancement of the
three components on the ionic conductivity, Seebeck coefficient,
and mechanical properties, the composite film exhibits a high
figure-of-merit of 1.0 without performance degradation under
50% strain and after the cut-healing process.

It can be conceived that sulfonic polyanion-based electrolytes
could be mechanically robust, and exhibit a huge ionic Seebeck
coefficient compared to TEG and TGCs. Meanwhile, the high ca-
pacitance of pseudocapacitive conducting polymers for the pro-
ton conductive sulfonic polyanion electrolytes could further en-
hance the thermo-electrochemical performance of TCCs.

ITonic Liquid-Based Electrolyte:  Ionic liquids (ILs) are regarded
as promising liquid electrolytes for thermally charged capacitors
due to their relatively high ionic conductivity and boiling points,
low thermal conductivity (<0.61 W m! K1) as well as negligi-
ble vapor pressure.[*1#”] The remarkable feature of ILs is that the
ions cannot pass into an external circuit when diffusing to the
electrode surface. Hence, the diffusion of ions under a tempera-
ture difference usually generates a high thermovoltage between
electrodes. These properties imply that the ILs are expected to
improve the output power and heat-to-electricity conversion ef-

Adv. Sci. 2021, 8, 2100669

ficiency of TCCs. However, wearable devices require the TCCs
have excellent mechanical properties and enough safety perfor-
mance, while the pure ILs are difficult to meet such requirements
due to their poor mechanical properties and possible leakage.
Furthermore, the ionic Seebeck coefficient of the pure ILs is very
small (such as [EMIM][TFSI], the ionic Seebeck coefficient only
has -0.85 mV K~1)[1%] due to the small difference in diffusion co-
efficients between their anions and cations. Generally, a larger
difference in diffusion coefficients between anions and cations
can lead to larger S, values.

The thermodiffusion difference highly depends on the inter-
actions between ions and polymer matrix. When ILs are mixed
with fluorinated polymers (such as PVDF-HFP), a small fraction
of anions tend to condense along the negatively charged polymer
chains due to the strong electron-withdrawing character of the
F-groups (Figure 12a). These condensed anions near the poly-
mer chains could increase the frictional drags of cations, thus
reducing their mobility, while the rest of anions that are not con-
densed around the polymer chains can remain highly mobile, or
vice versa. Therefore, ILs can integrate with flexible polymers to
enlarge the differences of their constituent ion diffusion coeffi-
cients, and then achieve high-performance wearable TCCs.

Polymer electrolyte matrices, such as poly(vinylidene fluoride-
co-hexafluoropropylene)  (PVDF-HFP),1%6.17]  polyurethane
(WPU),!%1 and SiO, nanoparticlel'®! are considered as promis-
ing solid carriers for liquid ILs. For instance, when 40 wt%
1-ethyl-3-methylimidazolium dicyanamide ([EMIM][DCA], an
IL) was mixed with WPU ([EMIM][DCA]/WPU) through a

2100669 (14 of 23) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 12. Engineering strategies for the negative or positive tuning of S4. a) Anions tend to condensate along negatively polymer chains due to the
strong electron-withdrawing character of the F-groups. b) PEG (PEG interacts preferentially with cations) along the polymer chains hinder the PVDF/anion
interaction, thereby promoting thermodiffusion of cations rather than anions. a,b) Reproduced with permission.['%] Copyright 2019, Springer Nature.
c) The interfacial polarizability caused by the difference of interaction strength between the cations/anions and electrode depends on the type of metal
electrode material. Reproduced with permission.['1% Copyright 2020, American Chemical Society.

so-called “drop casting the aqueous solutions” process, the
prepared polymer ionogel electrolytes show a high Seebeck co-
efficient of 34.5 mV K! (relative humidity of 90%) and possess
remarkable mechanical robustness with the mechanical stretch-
ability of up to 156%./1%] Such an enhanced positive sign of the
Seebeck coefficient is mainly attributed to the thermodiffusion
of anions in the polymer ionogels being strongly limited by the
polar groups of WPU, thus the cations thermodiffuse more easily
than the anions. In contrast to these IL/polymer electrolytes,
the SiO, nanoparticles also show excellent properties in tuning
the ionic conductivity and ionic Seebeck coefficient. Since the
hydroxy groups on SiO, nanoparticles tend to attract the anions
thus causing the SiO, surface to be negatively charged. Such
electrostatic interactions between the negatively charged anions
and polar hydroxy groups are usually regarded as ion—dipole
interactions, which can disrupt the short-range ordered structure
of ionic liquids, thereby creating channels for ion transport and
decreasing the activation energy of the ionogels. Based on this
mechanism, the ionic conductivity and Seebeck coefficient of
[EMIM][DCA] can be greatly enhanced to 14.8 mV K~! and 4.75
X 1072 S ecm™! after 20 wt% SiO, nanoparticles (20 nm) are
added in [EMIM][DCA].!%] Tt is noted that the thermoelectric
properties of polymer ionogels are proportional to the ambient
humidity and IL loading. For example, when the relative humid-
ity increases from 30% to 90%, the S, of [EMIM][DCA]/WPU
ionogels significantly increases from 8.3 to 34.5 mV K~1.[108]
Furthermore, we can conveniently tune the type (p or n-type)
of polymer ionogel electrolytes by virtue of the dependence
of their ions thermodiffusion on the polarity of the polymer
matrix. Such a strategy is conducive to integrate p- and n-type
thermocells to generate sufficient output voltage and power for
real-world wearable applications. Fluorinated polymer ionogels
[EMIM][TESI])/PVDEF-HFP usually exhibit a negative Seebeck co-
efficient. However, once the [EMIM]|[TFSI]/PVDF-HFP ionogels
are doped by the liquid polyethylene glycol (PEG), the measured
S,q can be changed from -4 to +14 mV K1.[1% This occurs due to
the presence of PEG along the polymer chains which can hinder
the PVDF/anion interaction while the PEG interacts preferen-
tially with cations, such changes ultimately promote thermodif-
fusion of [EMIM] cations rather than [TFSI] anions (Figure 12b).

Adv. Sci. 2021, 8, 2100669

On the other hand, different ILs usually exhibit different ionic
adsorption and desorption behaviors on the surface of metal
electrodes with increasing ambient temperature. Accordingly, a
potential difference will be generated between metal electrodes
under a temperature gradient. This approach also can be used
to integrate p- and n-type thermoelectric unit arrays by choosing
different types of IL.''!l Importantly, the thermo-voltage of
TCCs exhibits a significant dependence on the metal electrode
material (Au, Ag) due to the difference in interfacial polarizabil-
ity caused by the difference of interaction strength between the
cations/anions and electrode materials (Figure 12c¢).[11%]

Other  Electrolytes: In addition to these mainstream
polyanion- and IL-based electrolytes, the redox couples, and aque-
ous polymer—inorganic electrolyte mixtures (such as polyethy-
lene oxide (PEO)-NaOH) also can be employed to integrate
with the flexible matrix material. The [Fe(CN)¢]*~/[Fe(CN)]*
redox couple is commonly used as an electrolyte in TGCs,
which can be used as an additive to electrolytes (such as PVA-
K;Fe(CN),/K,Fe(CN)) in thermally charged capacitors and
works as the electrolytes in TCCs.I112113] The thermovoltage
is also generated from the thermal-dependent redox reactions
occurred on the wet electrolyte/electrode interface. The PVA
matrix in the totally dried PVA-K,Fe(CN), /K,Fe(CN); electrolyte
layer hinders the migration of redox ions and the charge is there-
fore stored on the electrolyte/electrode interface. PEO-NaOH
is a typical aqueous polymer—inorganic electrolyte mixture,
when NaOH was added to liquid PEO, the terminating alcohol
groups (-C-OH) would be transformed into anionic alkoxide
end groups (-C-O-Na‘), while the rest of Na* that has not
condensed around the polymer chains can retain its mobility.'"!]
Particularly, the Seebeck coefficients of PEO-NaOH electrolytes
can be significantly increased from 10 to 24 mV K! if such
electrolyte is infiltrated into the well-aligned and negatively
charged cellulose IL[''* Since the thermovoltage or Seebeck
coefficients of thermally charged capacitors strongly depend on
the mobility difference between the anion and cation ions of
electrolytes. The negatively charged cellulose II would combine
with the Na* to form the Na—cellulose complex, which could
increase frictional drags of anions while promoting the mobility
of cations. Nevertheless, even if the polymer ionogel electrolytes
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Electrolyte Se [mV K] c[Sm] K [Wm™T K Power factor ZT factor?) Comments Refs.
MW m=" K~2]
PEO-NaOH 1.1 0.00813 0.216 0.001 0.00127 Polycation-based electrolyte 1o
PSSH 8 9 0.38 0.576 0.414 The first sulfuric 143]
polyanion-based solid
electrolytes
NFC-PSSNa 8.4 0.9 0.75 0.0635 0.0231 Flexible, robust, and soft [46]
PEDOT:PSS/PSSH 16.2 29.1 0.11 7.637 20.3 Flexible and has a high ZT 1105]
value
PANI:PAAMPSA:PA 8.1 25.6 0.451 1.679 1.09 Stretchable and (103]
self-healable electrolyte
[EMIM][TFSI]/PVDFHFP/PEG 14 0.6 0.136 0.117 0.236 The sign and value of Se 1104]
can be tuned.
—4 0.6 0.136 0.00960 0.0193
[EMIM][DCA]/PVDF- 26 0.67 / 0.453 / The hybrid ionic and 107]
HFP/PEDOT:PSS electronic thermoelectric
converter
WPU/EMIM:DCA lonogels 345 0.84 0.23 1.00 1.27 stretchable and transparent 1108]
electrolyte
[EMIm][TFSI] n type 2.6 0.877 / 0.00593 / p-n in series connection mj
design on cellulose paper
[EMIm][Ac] p-type 22 0.334 / 0.00162 /
PVA-Rmim-Cl 10 0.116 0.2 0.0116 0.0170 lonic hydrogels (1]
PEO-NaOH-Oxidized 24 2 0.48 1.1520 0.655 Well-aligned and porous [14]
cellulosic membrane polymer matrix
PVA-Ky 4 Fe(CN)g 1.21 1 1.85 0.00146 0.000216 The use of thermogalvanic [113]
gel electrolyte
Note: 2 The ZT factor is calculated at a T = 293 K if the value is not given in the ref.
can retard water evaporation, the intrinsic aqueous feature still 38.0 =
makes them inevitably suffer from water loss through vaporiza- $. _=s| /o/ d
tion even under ambient conditions, which is adverse to their g3 ;190 @
o £ 2100 / |
long-term application. 98 E /9 o—o—2 )
A comparison between the typical TCCs electrolyte is provided §° 95ty L 8 3 o 9 1
. . . . . . .. o O et () e O e
in Table 2. The ionic Seebeck coefficient and ionic conductivity 0.0 b . g——8——" : ; :
are highly dependent on not only the nature of cation and anions > Asp 90— :?ngssn : .
. = —@— NFC- a
but also on the chemical nature and the structure of polymer ma- § — 184| —@—PEDOT/PSSPSSH ]
trix. Meanwhile, it has to be noted that all the high-performance BE == EANLRAN S
. . 1 . S @ 20 —0—WPUEMIM:DCA 3 ]
values are achieved at very high humidity and decrease rapidly o ——
when RH% is gradually reduced (Figure 13), which greatly lim- § o0 -?fg : 3 = < U q
its the application where TCCs are suitable. The reason for this ezl ]
humidity dependent on the performance of sulfonic polyanionic- s 9
. . . . S X s5gf E
based electrolyte is clarified by Kim et al and provided examples £ e
to overcome the limitation in the application environment.1%! £% 20 e i
The decrease in performance with decreasing humidity occurs =7 wls ~  __g—3 Gi
as the dissociation of Na* and protons only occurred in media m yr s m 70 m m 700

with high water content, and the ionic conduction channels also
rely on the swell of hygroscopic PSS-rich domains. To overcome
this problem, Kim et al. developed a self-humidifying layer con-
sisting of a water-absorbing MOF layer and hydrogel water sup-
plying layer was utilized to keep the humidity of the TCCs devices
high, which provide a new perspective to broaden the application
environment of TCCs.[1%]

Adv. Sci. 2021, 8, 2100669

Humidity (%)

Figure 13. Humidity dependence of performance merits (i.e. ionic See-
beck coefficient, ionic conductivity, and power factor) for several typ-
ical TCCs electrolytes. Data of the drawn samples are obtained from
references as below: PSSH from ref.[45], NFC-PSSNa from ref.[46],
PEDOT/PSS-PSSH from ref.[105], PANi—PAAMPSA-PA from ref.[103], and
WPU/EMIM:DCA from ref.[108].
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Figure 14. a) lllustration of the working principles of ionic thermoelectric capacitors. b) Voltage profiles of the external load connected with ionic ther-
moelectric capacitors using EMIM:DCA/PVDF-HFP ionogels with 50% and 80 wt% IL loadings and silver electrodes. Reproduced with permission.[1%6]

Copyright 2019, Wiley-VCH.

3.3. Potential Design Strategies for Wearable Thermally Charged
Capacitors

In addition to the sandwiched construction common in TGCs,
TCC devices can also be designed in a planar structure that is
much more thinner and flexible.'® Meanwhile, the working
mode of TCCs is also different. Unlike continuous power delivery
at a constant AT in TGCs, TCCs work in a discontinuous man-
ner and require human intervention to realize the storage of ther-
mally generated electric energy.[1]

In brief, TCCs works in four steps (Figure 14).11%] At stage
I, thermovoltage is generated by the accumulation of ions and
the counter ions on hot and cold electrodes respectively under
the temperature difference. At stage II, the external load was
connected to the TCCs, where the electrons transport through
the external circuit to balance the charge of ions on the elec-
trode/electrolyte interface. Then at stage I1I, the ions and counter
ions accumulated on the electrodes will retract in the absence
of temperature gradient and the electrical charge stored on elec-
trode materials will be maintained under an open circuit state.
Lastly, in stage IV, the stored energy can be used to power an exter-
nalload in the absence of a temperature gradient. Thus, for body-
heat harvesting and powering wearable electronics, the TCCs de-
vice will be finally used in the absence of temperature gradient
(i.e., taken off or heat isolated from the human skin). Specifically,
the device has to be externally connected to a load when worn on
the skin and then disconnected without a temperature gradient
for use. This process is tedious for users and requires further de-
signs on the electric circuit to simplify the usage process.

In addition, the series connection of single TCCs is also re-
quired to increase output voltage for real applications. The state-
of-the-art p—n series connection is also applied for the effective
utilization of heat (Figure 15a), where the electrode and elec-
trolyte were coated or printed one-by-one on the designed lo-
cation of the flexible substrate (paper or PET).['!!] Due to the
apparent larger ionic Seebeck coefficient of TCC than that of
TGCs, a large voltage of 30 mV and 1.65 V can be generated
by single devices and 20 TCCs, when heated by a fingertip (Fig-
ure 15b) and at a small temperature difference of 5 K (Figure 15c),
respectively.'%! The results show the great advantage and poten-
tial application of TCCs. However, the tedious four-step working

Adv. Sci. 2021, 8, 2100669

mode impeded the application of TCCs in energy storage and
powering electronics, more work on the device and electric cir-
cuit designs should be paid.

4. Other Type of Wearable Electrochemical Cells

High heat-to-electricity conversion efficiency is conducive to in-
crease the output energy of thermocells, which in turn reduces
the number of cell integrations for wearable sensors. Hence, we
can power one or even more wearable sensors with one thermo-
cell rather than dozens or even hundreds of thermocells. How-
ever, the commercial viability of thermocells is now severely lim-
ited by their rather low heat-to-electricity conversion efficiency
(typically below 1%).3%1 To address such problems, researchers
have designed a direct thermal charging cell (DTCC) that is dif-
ferent from the traditional thermogalvanic and thermodiffusion
strategies.''>] The charging operation of DTCCs can be directly
finished by isothermal heating without the need for external elec-
tricity and temperature gradient. When the DTCCs are cooled
down at room temperature, the system can be self-regenerated.
Therefore, DTCCs require a fluctuant temperature environment
to function, being applicable to intermittent heat sources (such
as solar energy).

A DTCC containing Fe?* /Fe** redox electrolyte connected to
asymmetric electrodes of a graphene oxide/platinum nanoparti-
cles (GO/PtNPs) cathode and a polyaniline (PANI) anode, which
can store the generated thermo-voltage through the temperature-
induced pseudocapacitive effect of GO and the thermogalvanic
effect of Fe?* /[Fe** redox couples was fabricated (Figure 16a)./'%]
The intrinsic low boiling point of the aqueous electrolyte and
thermal charging mechanism limits the operating temperature
of DTCCs in the range of 40-90 °C. Importantly, this DTCC de-
vice achieves excellent performance with a high « of up to 5.0 mV
K and 7 up to ~3.52% at 90 °C.I'"] For DTCCs, it is important
to protect the functional groups of GO from being reduced as the
C=0 and O—C=0 functional groups in the GO play a key role in
the thermal-charging mechanism. This requires a redox couple
with a positive temperature coefficient (a > 0, such as Fe?* /Fe3*,
I'/1*, Cu/Cu?*) so that heating facilitates the reduction reaction
at GO/PtNPs cathode instead of the oxidation reaction (a < 0,
such as Fe(CN),*~/Fe(CN),3"). The reduction reaction process of

2100669 (17 0f23) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 15. a) Typical fabrication process of the single thermoelectric unit and thermoelectric module based on the connection of [EMIm][Ac] (p-type)
and [EMIm][TFSI] (n-type) thermoelectric units in series, and Schematic diagram of thermoelectric voltages of [EMIm][Ac]- or [EMIm][TFSI]-based ther-
moelectric units in the case of a temperature difference between two electrodes.["""] Copyright 2020, American Chemistry Society. b) A direct thermal
capacitor that charged upon contact to a fingertip as a heat source. Inset: A photo image and IR camera image of the HDH30 with contact of the fin-
gertip. Reproduced with permission.I'"] Copyright 2020, American Chemistry Society. c) A photo image of a module-type flexible PMIC with 20 legs.
Reproduced with permission.['%] Copyright 2019, Wiley-VCH.
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Figure 16. New engineering strategies for wearable thermocells. a) Fe?*/Fe3* redox electrolyte connected to asymmetric electrodes. Reproduced with
permission.!'®] Copyright 2019, Springer Nature. b) synergistic thermodiffusion and thermogalvanic effects. c) Thermopower of gelatin-KCl, gelatin-
KNO;, and gelatin-NaCl with varying electrolyte concentrations. b,c) Reproduced with permission.['1] Copyright 2020, The American Association for

the Advancement of Science.

redox couples can consume most electrons from the oxidation of
PANI anode through the external circuit. Particularly, the prefer-
ential reduction reaction of redox couples at GO/PtNPs cathode
also can greatly increase the potential difference between asym-
metric electrodes. However, such cells remain an ongoing chal-
lenge for continuous operation before avoiding the consumption
problem of PANT anodes.['7]

Thermo-electrochemical cells (thermocells) offer a promising
and inexpensive strategy for harvesting body heat in a room tem-
perature environment. However, the output voltage and power of
current thermocells are insufficient to support the normal opera-
tion of commercial wearable sensors. Recently, another advanced
synergistic strategy by combining thermodiffusion and thermo-
galvanic effects to increase the total thermopower S; provides a
feasible direction to address current challenges (Figure 16b).[11¢]
Such a strategy needs to combine a redox couple with a negative

Adv. Sci. 2021, 8, 2100669

temperature coefficient (« < 0) and ion providers with p-type ther-
modiffusive thermopower (S,y > 0), or vice versa. The goal is to
ensure that the direction of the inner electric field produced by
the thermodiffusion of ion providers is consistent with the shift-
ing direction of the electrochemical potential of the thermogal-
vanic effect.

Based on this synergistic strategy, the flexible thermocells with
S; up to 17 mV K'! have been obtained in a gelatin matrix mod-
ulated with 0.8 M KCl for thermodiffusion effect and 0.42/0.25
M Fe(CN)*/*> redox couple for thermogalvanic effect.[® Impor-
tantly, this novel thermocells works in a quasicontinuous mode,
thus it can be used repetitively rather than being a one-time en-
ergy source. Given the significant difference of mass diffusion
coefficient of different cations and anions in the water chan-
nel of gelatin matrix, and most of the thermopower contribu-
tion comes from the thermodiffusion effect of ion providers (the
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Wearable TGCs

Wearable TCCs

Mechanism Thermogalvanic effect: continuous conversion from heat to
electricity

Electrode Electrically conductive materials with high catalytic behavior

Electrolyte Electrolytes containing redox couples

Seebeck coefficient In the range of 0.5-2 mV K~

Device architecture Sandwiched structure
Working modes
Working requirements /

Cost Low cost

Continuous operation without the need of manual interfere

Thermodiffusion effect: Storage of the electric energy
converted from heat

Electrically conductive materials with high capacitance
Electrolytes with different size of cation and anion.

Up to 34.5 mV K~!

Sandwiched or planar structure

Manual mode in four steps

High humidity

TCCs with ionic liquids-based electrolyte is expensive

relative contribution over 60%), thus the selection of ion
providers is critical for the final attainable S;. Among the
ion providers, KCl demonstrates maximum thermopower than
KNO, and NaCl (Figure 16¢). When 25 of such thermoelectric
elements are connected in series using copper electrodes, the
output voltage and power are up to 2.2 V and 5 pW (AT = 10
K), respectively.['*] These performance indexes can be matched
with many commercial sensors. Hence, such a synergistic strat-
egy shows great application potential in body heat harvesting for
powering wearable sensors.

5. Conclusion, Challenges, and Perspective

To conclude, we have summarized the recent development of
potentially wearable TECs of both TGCs and TCCs in this re-
view and made comparisons between TGCs and TCCs in Table 3.
It can be found that both potentially wearable TGCs and TCCs
have been developed in the past several years and progress was
achieved in terms of the flexible, solid-state electrolytes and de-
vice design. The large Seebeck coefficient, low-cost materials, and
ease of fabrication make them promising for low-grade body heat
harvesting. However, the investigations in both wearable TGCs
and TCCs are still in the infant stage especially in the relatively
low current output, power output, and heat to electricity conver-
sion efficiency areas. We propose below some future directions
which should be studied to achieve higher thermoelectrochemi-
cal performance and practical application.

5.1. Electrode Materials

Flexible or stretchable materials with well-defined and tunable
porosity, high electrical and thermal conductivity are desired in
pursuing high-performance TEC devices. These properties en-
sure a high ion accessible surface area, unobstructed ion diffu-
sion channel, and good electron and thermal transfer. Nanostruc-
tured carbon materials (like graphene and carbon nanotubes),
PEDOT/PSS, and their composites are good candidates and have
been extensively developed. The specific design of the poros-
ity (including the size, density, uniformity, and morphology of
pores) based on the nature of the conductive ion is necessary.
In addition, recently reported stretchable materials made from
carbon nanotube or PEDOT/PSS, makes it possible to prepare a
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stretchable TECs electrode in the near future.l>!!®! Fibers based
on these materials are also encouraged which can exhibit flex-
ibility, conductivity and high surface area once knitted to form
textiles.[119-121]

Rigid bulk materials with high catalytic or capacitive behav-
iors, like platinum, copper, nickel, metal oxides, polypyrrole, and
polyaniline, which have been proved to achieve superior per-
formance in TECs remain unsuitable for wearable and flexi-
ble applications.[**1?2] However, with a nanoscale engineering
of their morphology by including nanoparticles, nanosheets, or
nanowires, they could be incorporated into the flexible, conduc-
tive, and porous host materials and have the chance to show their
superiority in thermo-electrochemical performance.[®] Mean-
while, the single-atom dopant of platinum, copper, bimetals on
the host materials is also a good strategy.!123124]

5.2. Solid-State Electrolytes

The ionic conductivity of both TGC and TCC solid-state elec-
trolyte is limited in comparison with their liquid counterparts
as well as the conventional thermoelectric materials. Strategies
that can boost the mobility of ions and create ion diffusion chan-
nels should be applied to the polymer host. Thus, the thermo-
electrochemical power output and figure of merits will be greatly
enhanced for TGC and TCCs, respectively.

The Seebeck coefficient of the TGC gel electrolytes can be fur-
ther enhanced. Recently, additives like chaotropic cations, amide
derivatives, and organic micelles were added in Fe(CN)*/* to im-
prove the S, to 4.2 mV K~1.[%] Different kinds of a-CDs were used
which has temperature-dependent host-guest interactions with
redox couples, increased the S, to 2.6 mV K119 All these values
are higher than that of the gel electrolytes (below 1.8 mV K1). Itis
believed these strategies in liquids electrolytes could be extended
into the gel system for enhanced voltage output. Despite the large
S. and good-matching with pseudocapacitive electrodes, the de-
pendence of the Seebeck coefficient on the humidity of proton
conductive electrolytes has limited their practical application.!'%]
Self-humidifying gels are expected to develop in TCCs systems to
avoid concerns in the operating environment.[1%%]

In addition, the discovery of a new specific mechanism of ther-
mally derived voltage, like the combination of both TGC and TCC
electrolytes, the discovery of new redox couples with high reac-
tion entropy change or ion conductive materials with enlarged
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mobility difference of anions and cations is urgent to achieve rev-
olutionary progress.

5.3. Device Fabrication

The consideration of thermal management is needed in device
fabrication to maximum the actual temperature difference be-
tween the two electrodes. The use of an adhesive and curved con-
formable thin-film substrate for electrodes near the skin side, like
polydimethylsiloxane (PDMS) and polyurethane (PU) could en-
sure the intimate contact between skin and the device for effective
heat transfer.**] On the sides exposed to the air, it is possible to
involve some flexible heatsink, examples of which include a thin
layer of superabsorbent cross-linked polymers that can cool the
device by water evaporation.['?]

The series connection between the n-type and p-type device
is still necessary for the application, as the generated voltage of
a single device from the temperature difference between skin
and the outside environment cannot be meet the needs for wear-
able electronics. Before designing the p-n connection circuit, the
matching of the n-type and p-type device in terms of comparable
current output is of great importance to make full use of the elec-
tric energy generated by the thermal gradient.

Low-cost technologies in fabricating p—n series circuits and
with precisely localized electrodes and electrolytes in p-n cells
are also encouraged to promote large-scale fabrication and real-
ize commercialization. 3D printing could enable the formation
of the sandwiched structured device with 3D features, tailored
to a custom body part.['26127 Other printing technologies like
inkjet printing, spray coating, screen printing can also be used for
the planar structured TCCs device and applied as supplementary
techniques in the sandwiched device.['?*1?’] However, the inves-
tigation on printable ink formulations based on the materials are
preconditions of continued development in this area.l126127]

5.4. Integration and Applications

There are great differences in the application between TGCs and
TCCs devices. The former provides continuous power output un-
der temperature difference, whereas in the latter case a four-step
intervention of the user is required to realize the charge storage
on electrodes.

TGC devices could directly power some low-power electronics
in a continuous way. Alternatively, it could be coupled with en-
ergy storage units (like capacitors, batteries, or supercapacitors)
which can store the accumulated or the spared energy and drive
the electronics with high energy consumption. Additional voltage
booster sand regulatory circuits should be considered when de-
signing the whole apparatus. In TCCs, after the voltage is raised
from the temperature difference, the device has to experience
an electrical charge under AT, the disconnection of the external
circuit without AT for ion recovery, and finally connect to the
external circuit to power electronics. The process is tedious for
users and a humanization design on electrical/thermal switches
is required.[*’]

The emerging advances in wireless data communication tech-
nologies have greatly decreased the energy demands of wearable
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electronics. Some of the health monitoring sensor systems like
a cardiogram, movement, or temperature sensing only require
tens or hundreds of microwatts, which fits well the power output
of wearable TECs and may become the largest application market
of wearable TECs.[*

In summary, as a newly developed emerging area of research,
there are great challenges and also great opportunities for im-
provements to achieve the application of wearable TECs on body
heat harvesting. A bright future towards practical applications
and commercialization is anticipated with thorough considera-
tions and a focus on developing electrodes, electrolytes, and de-
vices, while considering their integration.
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