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Shuai Zhang,” Yuetong Zhou,' Yuqging Liu,” Gordon G. Wallace,"* Stephen Beirne," and Jun Chen':3*

SUMMARY

Wearable thermoelectrochemical cells have attracted increasing interest due to
their ability to turn human body heat into electricity. Here, we have fabricated
a flexible, cost-effective, and 3D porous all-polymer electrode on an electrical
conductive polymer substrate via a simple 3D printing method. Owing to the
high degree of electrolyte penetration into the 3D porous electrode materials
for redox reactions, the all-polymer based porous 3D electrodes deliver an
increased power output of more than twice that of the film electrodes under
the same mass loading using either n-type or p-type gel electrolytes. To realize
the practical application of our thermocell, we fabricated 18 pairs of n-p devices
through a series connection of single devices. The strap shaped thermocell
arrangement was able to charge up a commercial supercapacitor to 0.27 V using
the body heat of the person upon which it was being worn and in turn power a
typical commercial lab timer.

INTRODUCTION

With the rapid development of next-generation wearable electronics, such as portable devices and soft
electric devices, there is strong demand for lightweight, wearable, and environmentally friendly energy de-
vices, such as piezoelectric nanogenerators, thermoelectric generators and thermoelectrochemical cells
(Dargusch et al., 2020; Shi et al., 2020; Khan et al., 2021; Jia et al., 2021; Tian et al., 2019; Zhang et al.,
2021). Human body heat is an accessible, relatively consistent, and environmentally friendly power source
with a temperature difference (AT) between human skin and ambient environment (Oh et al., 2016; Zhong
et al., 2014). The most convenient strategy to use this low-grade thermal energy is to convert thermal to
electricity. Conventional thermoelectric generators (TEGs) utilizing the Seebeck effect are mostly depen-
dent on thermoelectric (TE) materials such as semiconductors or electrical conducting polymers. These
TE materials are either expensive or exhibit low Seebeck Coefficient (Se, Se = AV/AT, the open voltage
is AV, and the temperature difference is AT) in the range of several hundreds of VK=" (Khan et al.,
2016; Bux et al., 2010), limiting their application in wearable electronics for harvesting of low-grade
body heat (Khan et al., 2016). Alternatively, thermoelectrochemical cells (also called thermogalvanic cells
or thermocells) can generate a larger thermal voltage, which is caused by a temperature-dependent en-

tropy change during the electron transfer process between the redox couples and the electrode (Liu TIntelligent Polymer Research
etal., 2021; Romano et al., 2012). The simple device structure, the low-cost of electrode and electrolyte ma- Institute and ARC Centre of
terials, and the relatively large S, has made thermoelectrochemical cells a promising candidate to effi- Excellence for —
; Electromaterials Science,
ciently harvest low-grade body heat. University of Wollongong,
Wollongong, NSW 2522,
Australia

The performance of thermoelectrochemical cells (TEC) is greatly dependent on the electrode materials

employed (Dupontetal., 2017; Hu et al., 2010; Im et al., 2014). Electrodes in wearable thermoelectrochem- ZState Key Laboratory of

Electronic Thin Film and

ical cells should meet a number of requirements including low cost, large surface area, high electrical con- Integrated Devices,
ductivity, extraordinary flexibility, porous architecture, and high thermal conductivity (Dupont et al., 2017; University of Electronic
. . . . . . Science and Technology of

Huetal., 2010; Im et al., 2016). In previous studies, platinum (Pt) electrodes have been conceived as an ideal China, Chengdu 610054, PR
electrode material for wearable thermocells because of the high electrical conductivity and high catalytic China
activity of the material (Im et al., 2016; Zhou et al., 2021). However, the high-cost of platinum greatly limits its 3Lead contact
use as a commercially available electrode material. Carbon based materials, including carbon cloth, carbon *Correspondence:
nanotubes (CNTs) and graphene (Romano et al., 2013), could provide large active surface areas and high %’Vgls\i?@uow-e“-a“
electrical conductivities, which lead to large numbers of reaction sites and fast electron transfer kinetics for junc@uow.edu.au (J.C)
the redox couples. These advantages could increase the obtainable current density of thermocell devices hitps://doi.org/10.1016/} isci.
(Kang et al., 2012). However, there are limitations in the processing of these carbon materials into a 2021.103466
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homogeneous dispersion and subsequebtly in making electrodes from such dispersions (Romano et al.,
2013; Liu et al., 2020).

Conducting polymers (CPs) are promising materials for wearable electronics because of their high electri-
cal conductivity, intrinsic flexibility, relative low-cost, light weight, and ease of preparation (Liu et al., 2020).
The suitability of CPs as electrode materials for thermocell devices has been investigated in recent years.
For example, poly (3,4-ethylenedioxythio-phene): polystyrenesulfonate (PEDOT:PSS), one of the most
popular CPs, has been reported to provide attractive alternative to platinum electrodes (Yuk et al.,
2020). Owing to a low charge transfer resistance, films of PEDOT:PSS showed performance that was com-
parable to carbon-based materials for a thermocell application (Wang et al., 2020). However, current PE-
DOT:PSS electrodes are generally in a thin film form prepared via techniques including drop-casting
(Wang et al., 2020), ink-jet printing (Perinka et al., 2013), and screen printing (Sinha et al., 2017), in which
the penetration of electrolyte, ion transfer rate and ion accessible surface area are greatly limited. As a
result, it is hard to further increase the performance (especially the current & power output) of the thermo-
cell using these electrode configurations. To address this issue, a PEDOT:PSS electrode with a 3D porous
structure is required.

Herein, we developed a PEDOT:PSS-based ink with rheological properties (in terms of viscosity, shear thin-
ning, and shear yielding) desirable for 3D printing, which allows the direct printing of PEDOT:PSS with
controlled line spacing and interlayer spacing porosity to produce well defined structures. The printed
porous PEDOT:PSS electrode with an interaxial design (the printed direction rotated through 45° for
each successive layer) could provide surface and cross-sectional area, which enables a high degree of elec-
trolyte penetration into the electrode for redox reactions to occur and give rise to increased current, open
voltage, and power density. Meanwhile, we also find that a thin PEDOT:PSS film prepared via drop-casting
technique, can be integrated with the printed structure to act as the current collector. This configuration
exhibits superior performance in comparison to conventionally sputter coated platinum films in terms of
endurance over repeated bending cycles and thermoelectrochemical performance (i.e., current & power
output). Hence, an all polymer-based electrode with a 3D printed porous PEDOT:PSS structure integrated
with a thin PEDOT:PSS film, for thermocell applications has been successfully fabricated. In addition, the
prepared all polymer electrodes display excellent and comparable performance in both n-type (PVA-
FeCly/3) and p-type (CMC-KsuFe (CN)y) gel electrolytes, so a matched pair of n-p cell was efficiently
achieved. To demonstrate the practical application of our thermocell, we also fabricated 18 pairs of n-p
devices connected in series arranged in a strap shaped thermocell assembly. The assembled device was
able to charge up a commercial supercapacitor to 0.27 V using the body heat of the person upon which
it was being worn and in turn power a typical commercial lab timer.

RESULTS AND DISCUSSION
Selection criteria of electrical conductive substrates for 3D printing of electrode materials

It is widely known that electrode materials in energy devices are usually coated on a conductive thin film
(e.g. platinum, gold, stainless steel, etc), which act as the current collector to collect electrical current
generated at the electrodes (Antiohos et al., 2011). In most thermocell studies, sputter coated platinum
electrodes have been used due to the high electrical conductivity and high catalytic activity behaviour
that platinum provides (Dupont et al., 2017). However, in wearable applications, devices are usually bent
over large angles (close to 180°) or even twisted as they conform to the wearer during movement (Im
etal., 2014; Liuetal., 2020; Yang et al., 2016). Here we found sputter coated platinum (Pt) is not stable under
these conditions and would peel off from the substrate after 10 bending cycles (see Figure 1A). As a result,
the thermoelectrochemical performance (i.e., Seebeck coefficient, current density, and power density for
shortterm & long term) in both n-type and p-type electrolyte is greatly affected as shown in Figures 1B, 1C,
and S7. Hence, sputter coated Pt is not a stable conductive substrate upon which to integrate 3D printed
active electrode materials for wearable thermocell devices. To address this problem, we utilized a thin PE-
DOT:PSS film (2 mg ecm™?) as an alternative cast conductive substrate for 3D printing. This thin PEDOT:PSS
film is reported as a flexible and electrically conductive electrode material for thermocell, which can be
easily fabricated via a simple drop-coating technique (by unifying the concentration and then controlling
the volume of the drop per unit area)(Liu et al., 2020; Wijeratne et al., 2017). After an optimization study
of PEDOT:PSS films with mass loadings ranging of from 0.5 mg cm™2 to 4 mg cm~2 (see Figures S2A
and S2B and thickness in Table S1), the thermocell device made from 2 mg cm 2 PEDOT:PSS film electrode
delivered the highest thermoelectrochemical performance in both n and p type electrolytes. The recorded
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Figure 1. Selection criteria of electrical conductive substrates for 3D printing of electrode materials
(A) Microscope images of 100 nm Pt and 2 mg cm~2 PEDOT: PSS film before and after bended (scale bar size is 100um).

(B) TEC performance: current & power versus voltage of the devices made from 100 nm Pt, bended 100 nm Pt, 2 mg cm~? PEDOT: PSS film and 2 mgcm™

bended PEDOT: PSS film in n-type electrolyte (AT = 10°C).

2

(C) TEC performance: current and power versus voltage of the devices made from 100 nm Pt, bended 100 nm Pt, 2 mg cm 2 PEDOT: PSS film and 2 mg cm?

bended PEDOT: PSS film in p-type electrolyte (AT = 10°C).

performance was compatible with that observed from a device made from 100 nm Pt electrodes (Figures 1B
and 1C). Meanwhile, the performance of thermocells made with PEDOT:PSS films were almost the same
after multiple bending cycles. Therefore, the PEDOT:PSS film with a mass loading of 2 mg cm™ was
selected for the cast conductive substrate.

Preparation of printable PEDOT: PSS ink

To prepare homogenous printable ink dispersions, a commercial PEDOT:PSS pellets was used in this study.
PEDOT:PSS pellets and diethylene glycol (DEG) were dispersed in deionized (DI) water with a weight ratio
of (PEDOT:PSS):DEG = 1:1.86 and homogenized by a Thinky Mixer (see experimental details and Figure S3).
Here, DEG is used as a secondary dopant to enhance the electrical conductivity (increasing from 3.2S cm™'
102305 em ™), as well as to induce accessible microscale pores within resultant PEDOT:PSS films (Liu et al.,
2018).

As the concentration of PEDOT:PSS increased, the prepared suspension transformed from liquid state to a
gelled and printable state (Figure S4A), a result of the entanglement of PEDOT:PSS fibrils at high concen-
trations (Yuk et al., 2020). Rheological measurements of the PEDOT:PSS inks demonstrate the transition
from low concentration PEDOT:PSS (10 mg mL™" to 50 mg mL™") with low viscosity (1.75 Pa's to 2297
Pa's at 0.01 s~ shear rate) to high concentration PEDOT:PSS (50 mg mL~" to 120 mg mL~") with high vis-
cosity (2297 Pa's to 25,148 Pa's at 0.01 s~ shear rate (Figure S4B). In addition, all prepared dispersions ex-
hibited a shear-thinning behaviour as well as an increase in shear-yielding stress from 0.90 Pa to 794.5 Pa
with increasing PEDOT:PSS concentration from 10 mg mL™" to 50 mg mL~" (Figures S4 and S5). For disper-
sions with low concentration (10 to 50 mg mL™"), the 3D printed ink would spread laterally on the substrate
upon printing because of the low viscosity and yield stress. However, the use of concentration of
PEDOT:PSS above 100 mg mL~" would not continuously flow through an extrusion nozzle resulting in to
clogging a printing nozzle (see Figure S5F) due to aggregated PEDOT:PSS (Yuk et al., 2020). The electrical
conductivity of the thermocell electrodes is one of the key elements affecting performance (Dupont et al.,
2017) It is a clear advantage to use as high a concentration of PEDOT:PSS as possible (Kim et al., 2002;
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Figure 2. Preparation and characterization of electrodes for p-type and n-type cells

(A) The process of 3D printing flexible interaxial PEDOT: PSS electrode.

(B) Surface and cross-sectional SEM images of printed PEDOT: PSS (scale bar size is 100pum for surface and cross-section,
scale bar size is 10um for 3D printed fiber).

(C) TEC performance: current & power versus voltage of the devices made from 3D porous structured PEDOT: PSS and
PEDOT: PSS film in n type system.

(D) TEC performance: current & power versus voltage of the devices made from 3D porous structure PEDOT: PSS and
PEDOT: PSS film in p type system.

Tianetal., 2017; Yuk et al., 2020). However, the objective of high electrical conductivity has to be a compro-
mise with processability of the prepared suspensions. Hence, we found that PEDOT:PSS ink with a concen-
tration of 100 mg mL~" which exhibited favourable rheological properties with a viscosity of 15,485 Pa's ata
shear rate of 0.015™" and shear yield stress of 572 Pa, can be considered as an optimized ink to be pro-
cessed through extrusion based 3D printing.

3D printed PEDOT:PSS ink on electrical conductive substrates

The prepared ink could be printed via our 3DREDI being manufactured by TRICEP at University of Wollon-
gong (see Figure 2A). As 3D printed patterns can affect the electrical and mechanical properties of final
energy devices performance (Li et al., 2020; Wang et al., 2018), a newly interaxial pattern (in this design,
the printed direction rotated through 45 degrees for each successive layer) was printed with speed of
200 mm min~" and nozzle size of 0.15 mm were utilized. The designed layer-by-layer printing patterns
are shown in Figure S6A with a line spacing of 0.2 mm. The rotating 45° interaxial pattern is designed to
create high porosity through both the surface and cross-sections of the multi-layer PEDOT:PSS structure.
This is because of the lower electrical resistance resulted from more electrical channels and the robust
structure with higher modulus in 3D printed structure with an interaxial angle of 45°(Huang et al., 2018). Fig-
ure 2B shows SEM images of 3D printed porous PEDOT:PSS electrode (surface and cross-section). This 3D
porous patterned architecture is expected to increase the ionically accessible surface area of the electrode
and facilitate the penetration of electrolyte into the active electrode materials. We further compared the
TEC performance of PEDOT:PSS film and the 3D interaxial porous PEDOT:PSS electrode in both n and
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p type electrolyte systems, Figures 2C and 2D. The PEDOT:PSS film mass loading was 12 mg cm~2. The
mass loading of the 3D printed interaxial porous PEDOT: PSS was 10 mg cm 2 which was printed onto a
2mg cm~2 conductive substrate, so the total 3D interaxial porous PEDOT: PSS electrode is 12 mg cm~%(the
mass loading of 1 layer 3D-printed PEDOT: PSS electrode is 1 mg cm™). Electrolyte systems were p-type:
CMC-K3,4FeCNg, and n-type: PVA-FeCly/3, respectively, with a system temperature difference (AT) of 10°C
(T =35°C & Tc = 25°C). Owing to the open and porous structure (Figure 2B) as well as the good wettability
of PEDOT:PSS (Wang et al., 2020), the thermocell made from the 3D printed PEDOT:PSS electrode ex-
hibited an enhanced thermoelectrochemical performance compared to PEDOT:PSS film with increasing
current from 8.2 A m~2 to 13.0 A m~2 and power density from 12.2 mW m~2 to 25 mW m~2 for n type
and 15.2 Am~2 to 27.5 A m~? and power density from 30.2 mW m~2 to 70 mW m~? for p type (Figures
2C and 2D). In addition, the use of 3D electrodes also increases the open voltage compared to the 2D
film electrode from 5.86 mV to 6.90 mV in n type device and from 7.40 mV to 9.21 mV in p type device.
This result is because of the 3D porous structure enabling greater heat transfer efficiency from electrode
surface to the electrode/electrolyte interface (Liu et al., 2020), and thus the real temperature difference be-
tween the cold side and hot side of 3D printed electrode/electrolyte interface is increased.

For long-term current output of both PEDOT:PSS film and 3D porous structure PEDOT:PSS, the short circuit
current (lsoc) over time was measured and evaluated (Figures S6B and S6C). It was observed that the current
output dropped dramatically and stabilized at a value of approximately 1 A m~2 after 30 min. This was due
to the redox couples’ low diffusion rate in gel electrolyte systems (Wu et al., 2017). Owing to the higher
driven potential for ion diffusion, the long-term current density of the 3D printed porous PEDOT:PSS elec-
trode was still higher than that of the PEDOT:PSS film electrode (1.25 Am ™2 versus 1.05 Am~2in n type) and
(1.15 A m 2 versus 0.94 Am~2in p type). In addition, cyclic voltammograms (CV) with scan rate of 10 mV s
were performed, where the faradic peak current density provides insight into the electroactive surface area
(ESA) of the electrode and could greatly affect the thermocell devices performance (Romano et al., 2013). It
is clearly seen that the 3D printed porous structure PEDOT:PSS exhibited higher peak current density than
the 2D film under the same mass loading (10 mg cm~?) in both types (Figure S7A for n type and Figure S7C
for p type). Table S2 indicates that the 3D porous PEDOT:PSS electrodes could provide larger electroactive
surface area than the 2D film electrode so as to enhance the current density.

Electrochemical impedance spectroscopy (EIS) was also performed. The equivalent series resistance (ESR,
the intercept of the curve with the x-axis of the Nyquist plot) of 3D porous structure PEDOT:PSS was slightly
reduced compared with 2D PEDOT:PSS film in both types (Figures S7B and S7D). These measurements
indicate that the 3D porous structure PEDOT:PSS electrode gave the benefit of lowering the activation bar-
rier in thermocell reactions. The improved reaction characteristics also led to the ESR being significantly
reduced from 5.4t0 5.2 Q in n type and from 11.1 t0 9.6 Q in p type as shown in Figures S7B and S7D insert
images. In addition, the charge transfer resistance (R, the diameter of the semicircle) can clearly be seen
for the 3D porous PEDOT:PSS (3.7 Q) and PEDOT: PSS film (4.32 Q) in n type; 3D porous PEDOT: PSS (8.1Q)
and PEDOT: PSS film (8.4Q) in p type, respectively. These observations from EIS agree with the CV results.

Optimizing electrode for both n and p type cells and pairing the optimized n—p cells

Then, we printed various layers of 3D porous PEDOT: PSS on PEDOT: PSS thin film substrate (2 mg cm™2) as
electrode materials for both n and p types. In order to improve thermocell performance, we further
increased the printed layer of PEDOT:PSS from 10 layers to 30 layers (equals to 10 mg cm~2 to 30 mg
cm~2 of mass loading, electrode thickness in Table S1) to facilitate an increase in electroactive sites (Fig-
ure S8A). The thermoelectrochemical performance in n type electrolyte was improved with increasing
layers of 3D printed PEDOT:PSS, while it reached a plateau when the number of layers went beyond 20.
This was ascribed to the restricted ion penetration into the outer part of electrode materials which was
not directly exposed to the electrolyte. In addition, higher layers of electrode also inhibited the effective
heat transfer, as indicated by the decreased open circuit voltage. For the long-term performance of the
n-type optimized thermocell device (see Figure S8B), the high current output decreased initially, which
is a disadvantage of all gel electrolyte based thermocells (Liu et al., 2020). However, it is noted that the
3D printed electrodes optimized for n type thermocells can exhibit a higher long-term Jsc (1.65 vs 1.50
A m~?). This represents a 10% improvement upon our previous reported work using laser-etched PE-
DOT:PSS film as electrode (Liu et al., 2020). Meanwhile, CV curves (scan rate of 10 mv s~ ') in Figure S8C
also clearly indicate the best electroactive properties of the 20-layer PEDOT:PSS electrode. Electrochem-
ical impedance spectroscopy (EIS) was also carried out in the n-type electrolyte, where it was clearly found
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Figure 3. TEC performance: current & power versus voltage of optimized p-n cell at different AT
(A) and (B) optimized n type TEC performance at different AT.

(C) and (D) optimized p type TEC performance at different AT.

(E) and (F) optimized n and p types connected in series TEC performance at different AT.

that the ESR was significantly reduced from 6.37 @ (2 mg cm™2 PEDOT:PSS film) to 5.13 Q (20 layers of 3D
printed PEDOT:PSS on top of PEDOT:PSS thin film), denoted as 20-layer PEDOT:PSS) (Figure S8D inset).
The Nyquist plot also shows that the charge transfer resistance (the diameter of the semicircle) of 4.16 Q
and 5.3 Q for 20-layer PEDOT:PSS and 2 mg cm™2 PEDOT:PSS film. These observations from EIS and CV
are consistent with the results of the thermoelectrochemical performance. Therefore, 20-layer PEDOT:PSS
is the optimized electrode for n-type thermocells.

After the optimization for n-type thermocells, thermoelectrochemical performance of 3D printed elec-
trodes in p-type gel electrolytes were also investigated. It was found that 10 layers of PEDOT:PSS on
2 mg cm 2 PEDOT:PSS film exhibits the best performance (Figure S9A). The current density was also
improved by 11% (1.26 vs 1.13 A m~2 in Figure S9B) when compared to our previously reported PE-
DOT:PSS-edge functionalized graphene/carbon nanotube electrode (PEDOT: PSS/EFG/CNT)(Liu et al.,
2020). CV and EIS results also confirmed 10-layer PEDOT: PSS as the optimized electrodes with highest
electroactive behaviour and lowest resistances (i.e., ESR & charge transfer resistance), as shown in Figures
S9C and S9D.

The thermoelectrochemical performance of thermocell devices is greatly dependent on the temperature
difference between the two electrodes, so the devices were tested under various AT (Dupont et al.,
2017). Here, the cold side or the warm side was kept constant as 10°C or 30°C respectively, and then the
other side increased from 10°C to 30°C or decreased from 30°C to 10°C to create controlled AT's in the
range of 0°C to 20°C. The open voltage of the optimized n and p type cells increased or decreased almost
linearly with AT (Figures 3A and 3C). Thus, the effective S, of n and p type cells was calculated to be 0.65 mV
K="and 9 mV K~", respectively. Current density also increased linearly with AT, whereas power density has
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a linear relationship with (AT)? as shown in Figures 3A, 3C, and 3D, which indicates that the individual opti-
mized n and p cells were stable at various temperature gradients.

When multiple cells are assembled into a series circuit, the current output is rate limited by the individual
cell with the least performance and the open voltage is the sum of all the individual cells (Yang et al., 2016).
To effectively connect the n type and p type thermocells in series, single devices with similar current output
should be matched for one pair of n-p thermocells. We found that, our optimized n type and p type cells
just in line with this requirement with comparable current densities of 26.1 Am™2 and 27.5 Am~2 at AT =
10°C respectively, and therefore were selected for a matched n-p thermocells (Figures 3B and 3D). Thus, a
pair of n-p cells connected in series was fabricated (Figure 3E insert) and the thermoelectrochemical
performance characterized (Figures 3E and 3F). The n-p cell performance between AT's of 5-20°C were
examined, yielding linear V versus | and parabolic P versus V relationships at all temperature differences.
The n-p cell exhibited current density of 26.0 Am~2 and open circuit voltage of 15.5 mV at AT = 10°C, where
the current density is same with n and p type single devices and the voltage value is the sum of n and p type
single cells (Figure S10A). In addition, long-term output current of the n-p cell was consistent with that of
the individual optimized n type and p type. All the results demonstrate the efficient matching of the opti-
mized n and p type devices for n-p cells (Figure S10B).

Prototyping multiple n-p cells

To further promote application, flexible multi- n-p cell assemblies (up to 18 pairs) were fabricated as
shown in Figures 4A and 4B. To facilitate the heat transfer between the assembled device and the envi-
ronment, polyimide tape (Pl), the support substrate used for PEDOT:PSS electrode, was adhered to
aluminium foil. Sputter coated Pt was used as the interconnection between single devices and copper
tape was used to connect multiple n-p cells to external electrical connections. Wearable polydimethylsi-
loxane (PDMS, SE 1700 clear base and catalyst) was 3D-printed as the spacer to encapsulate the gel elec-
trolyte. The power density of the multi-cell arrangement was measured and found to increase from
10.5 pW (1 pair) to 45 pW (18 pairs) at AT = 10°C. The open voltage also increased from 15.5 mV (1
pair) to 270 mV (18 pairs) (Figures 4C and S10C). However, because of the increased resistance between
fabricated thermocell connections, the current output inevitably decreased when the number of n-p pairs
increased (see Figure S10C). These n-p cell arrays could charge up various commercial electrochemical
supercapacitors (C = 1, 4.7, 22, 47, and 100 mF) to more than 200 mV (see Figure 4D). It was also
observed that due to the relatively decreased long-term performance of our thermocells employing
gel electrolyte, the charging rate of supercapacitors (C = 100 mF) decreased along with time. Notably,
this is the first time that a flexible thermocell device has been fabricated using the 3D printing of all poly-
mer electrodes.

Wearable n-p cells

To harvest body heat, a wearable thermocell that can conform to a curved body surface is preferred. To
achieve this aim, we designed a strap shaped wearable thermocell as shown in Figure 5A. The fabricated
device is shown in Figure 5B. The benefit of this design is that the top electrodes of the wearable strap
shaped thermocell could move freely so that the strap arrangement could bend around the contours of
the wearer. This ensured that the bottom electrodes of the device could conform closely to the skin of
the wearer (Figure 5C). As a demonstration (Figure 5D), we have attached the strap shaped thermocell array
to ahuman body. The wearable thermocell could charge up a 100 mF supercapacitor, and then power a lab
timer when coupled with a voltage booster. The results indicated the practical application of our wearable
thermocells in powering wearable electronics utilizing low grade human body heat.

Conclusions

In conclusion, we have fabricated novel wearable multi-unit thermocells assembly through 3D-printing all
polymer-based flexible electrodes. We also matched serial thermocells and brought about an open
voltage of 0.27 V to charge up a supercapacitor and store the harvested energy when operating with a
AT = 10°C. Moreover, the demonstration of a wearable thermocell, which can harvest body heat, charge
commercial supercapacitors, and even power a lab timer, shows the great potential of our wearable device
in practical applications. This work provides a platform for the future development of 3D-printable inte-
grated wearable device systems.
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Figure 4. Device evaluation of p-n cells connected in series

(A) Photo demo of thermocell arrays with serial 6 pairs n-p cells.

(B) Prototyping thermo-electrochemical device of 18 pairs n-p cells.

(C) When AT = 10°C, 1 to 18 serial pairs of n-p cells TEC performance and

(D) 18 serial pairs of n-p cells charging up commercial super-capacitors with different capacitance.

Limitations of the study

Compared with previous thermocells, the polymer wearable thermocells developed in this work have
the following advantages. First, a compatible high electrical conductivity polymer film can work as an
underlying conductive substrate, to replace traditional and expensive platinum electrodes. Second, a
3D printable polymer ink with suitable rheological properties was developed for high-performance elec-
trodes in both n and p type thermocell devices, which enables facile and cost-effective fabrication of
thermocells. Thirdly, a serial arrangement of 18 pairs of n-p devices enabled charging of commercial
supercapacitors up to 0.27 V sufficient to power a commercial lab timer. Last but not least, we also
claim that this is the first time that a 3D-printed all-polymer electrode thermocell device was utilized
for harvesting body heat. Despite this progress, we note the need for further optimizations of our
printing system. It is necessary to develop printing techniques with a high resolution of minimum
feature size down to 10 um in the future, which can further increase the porosity and surface area of
electrode materials. Furthermore at present, only inks of electrode materials are developed in this
work. In the near future, it is urgent to develop inks consisting of other components (e.g., electrolyte
& encapsulation materials). Fully integrated manufacturing requires multi-materials dispersion
approaches.
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Figure 5. Wearable n-p cells

(A) Design of wearable thermocell.

(B) Fabrication of wearable thermocell.

(C) Flexible strap shaped thermocell.

(D) The demonstration of a strap shaped thermocell charge supercapacitor and light a lab timer screen utilizing body
heat.
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Chemicals, peptides, and recombinant proteins

Poly (3,4-ethylenedioxythio-phene): Sigma-Aldrich Cat# 768618
Polystyrenesulfonate pellets (PEDOT: PSS)

Diethylene glycol (DEG) Sigma-Aldrich Cat# 93171

Poly (vinyl alcohol) (PVA) Sigma-Aldrich Cat# 363146
Carboxymethylcellulose sodium (CMC) Sigma-Aldrich Cat#419311

Iron (Il) chloride tetrahydrate (FeCl,-4H,0) Sigma-Aldrich Cat# 44939

Iron (lll) chloride (FeCls) Sigma-Aldrich Cat# 157740
Potassium ferricyanide (K3FeCNg) Sigma-Aldrich Cat# 244023
Potassium hexacyanoferrate (l) Sigma-Aldrich Cat# 234125
(K4FeCNy-3H,0)

Glutaraldehyde (GA) solution (25 wt% in H,O) Sigma-Aldrich Cat# G5882
Hydrochloric acid Sigma-Aldrich Cat# 320331
Polydimethylsiloxane (PDMS), PDMS (catalyst) Dow Corning Toray Co., Ltd Cat#0008248086
SE 1700

Software

TEC Service Software v3.10 Meerstetter Engineering TEC-1091

Origin 2020 Graphing and data analysis software https://www.originlab.com/

Adaptable (3D printer interface)

The Translational Research Initiative for Cell
Engineering and Printing

https://www.tricep.com.au/

EC-lab software Bio-Logic https://www.biologic.net/support-software/
ec-lab-software/

Other

Home-made temperature controller Liu et al. (2020) https://onlinelibrary.wiley.com/doi/abs/10.

3DREDI printer

VSP Potentiostat Electrochemical Workstation
Lab timer

Voltage Booster

Mixing Thinky

Bandelin sonorex digiplus sonicator
Vaccum Oven

AR G2 Rheometer

Sputter Coater

Optical Microscope

Scanning Electron Microscopy
Spiral micrometer

Microelectrode

TRICEP at University of Wollongong
Bio-Logic

Labco

CUSTOM THERMOELECTRIC
INTERTRONICS

John Morris

ISSCO

TA Instruments

Edwards

Leica

JEOL

Mitutoyo

Micrux

1002/aenm.202002539
https://www.tricep.com.au/
https://www.biologic.net/products/vsp/
LABTRO1

ELC-UVB040 Unipolar
ARE-250

J:141375

VDO-30CH

TT016

FTMé Auto 306

DMé6000

JEOL JSM-7500FA

293-831

ED-SE1-Pt
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Materials availability

This study did not generate new unique reagents.

Data and code availability
@ Original data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

Materials

The poly (3,4-ethylenedioxythio-phene): polystyrenesulfonate pellets (PEDOT: PSS, Orgacon DRY product)
was purchased from the Sigma-Aldrich(768618). Diethylene glycol (DEG), poly (vinyl alcohol) (PVA, Mw:
85,000-124,000), Carboxymethylcellulose sodium (CMC, Mw: 250,000), iron (Il) chloride tetrahydrate
(FeCl,-4H,0), iron (Ill) chloride (FeCls), potassium ferricyanide (KsFeCNy), potassium hexacyanoferrate
(1) (K4FeCNy-3H,0), glutaraldehyde (GA) solution (25 wt% in H,O), Hydrochloric acid was from Sigma-Al-
drich. Polydimethylsiloxane (PDMS, SE 1700) and PDMS catalyst were purchased from Dow Corning Toray
Co., Ltd. The operating voltage of lab timer is 1.5v, voltage Booster was purchased from CUSTOM THER-
MOELECTRIC (ELC-UVB040 Unipolar Voltage Booster).

Preparation of gel electrolytes

N type electrolyte: PVA solution of 10 wt% was first prepared, then adding FeCl,-4H,0 and FeCl; powder
(1 M FeCly/3) with magnetic stirring) for 1 h. The chemical cross-linker of diluted GA (5 wt% in H20, mass
ratio of PVA: GA = 40:1) was then dropped carefully into the mixed solution with vigorous magnetic stirring
for 30 s. After that, the PVA-FeCl,/3-GA solution was immediately injected into the assembled thermoelec-
trochemical device. Finally, the solid-state gel electrolyte could form after cross-linking at room tempera-
ture for 1 h (Liu et al., 2020).

P type electrolyte: CMC-K3,4Fe(CN), gel electrolyte was prepared as following: 5wt% of CMC powder was
adding into 0.4 M K3Fe(CN)y/KsFe(CN)g aqueous solution with magnetic stirring 4h before injecting into
thermoelectrochemical devices for p type performance testing (Liu et al., 2020).

Preparation of electrode ink

Firstly, DEG was added to the DI water, stirred 20 min and sonicated for 30 min. To prepare PEDOT: PSS
printable ink, commercial PEDOT: PSS pellets (50 to 600 mg), water (5 mL), DEG (83 to 996 ul) was mixed by
Thinky Mixer for 20 min, 2000 rmp and degassing for 2 min, 800 rmp (weight ratio of DEG: (PEDOT: PSS) =
1.86:1). Then, the prepared ink was carefully transferred to the syringe for printing.

Rheological characterization of electrode ink

In this work, an AR G2 Rheometer (40-mm diameter geometry and cone truncation 55 um) was used to mea-
sure the viscosity (n) of PEDOT: PSS ink for extrusion printing. The sample volume for measurement is
0.5 mL and the shear rate was set from 0.01 to 10 s~". At 1 Hz shear frequency, the shear storage modulus
(G') and loss modulus (G”) were measured as a function of shear stress via oscillation tests with a logarithmic
sweep of shear stress (0.001-10,000 Pa). The shear yield stress of each sample was determined as the inter-
section point of shear storage modulus (G’) and loss modulus (G”).

3D printing interaxial pattern electrode

The prepared PEDOT: PSS ink can be printed via our 3D printer (see Figure 2A) with printing speed of
200 mm min~", nozzle size of 0.15 mm (from Nordson EFD), and extrusion pressure of 688 kPa. The G
code of printing paths were generated by a 3D printing software (Adaptable, made by Translation Research
Initiative of Cellular Engineering and Printing (TRICEP) a wholly owned initiative of the University of Wol-
longong) to command the three x-y-z motions. Line spacing is 0.2 mm and rotating angle is 45° when
increasing every printing layer (Figure S6A). PEDOT: PSS were printed at room temperature, and then heat-
ing in 60°C oven for 2h to fully remove DEG.
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Preparation of 3D printable polydimethylsiloxane (PDMS) spacer

Polydimethylsiloxane (PDMS) SE 1700 clear base and SE 1700 catalyst was mixed with volume ratio of
10:1(He et al., 2017), following by mixing in Thinky for 5 min, 2000 rmp and degassing 2 min, 800 rmp.
The homogenous ink can be printed on Pl (kapton tape) with 2 mm as spacer, then heated in 60°C oven
2 h for curing which will be used for further assembly of sandwich device and wearable device fabrication.

Device assembly of serial connected thermo-electrochemical cells

A serial connected thermocell device (interconnected n-type & p-type devices) was fabricated. Firstly, ac-
cording to designed patterns, we used polyethylene terephthalate (PET) film as mask and sputter coat
100 nm Pt (using an EDWARDS sputter coating machine) on polyimide tape (Pl) substrate (fixed on
aluminum foil), sprayed Pt acts as connecting lines between individual n and p type devices and copper
tape works current collectors. Then, PEDOT: PSS film electrodes were drop-casted on the Pl according
to the design, following by 3D printed PEDOT: PSS (Figure 4A) on their surfaces. The PDMS was then
printed on the edge of electrode and sealed by heating 60°C for 2 h. Finally, n and p type gel electrolyte
precursors were injected into the 3D printed thermocells through heat-cured PDMS to form full thermocells
(Figure 4B).

Cyclic voltammetry (CV)

CV was recorded by VSP potentiostat (Bio-logic) and EC-lab software (11.21). A conventional three-elec-
trode cell was used for all electrochemical experiments that complemented measurements for the thermo-
cell. The two working electrodes were connected to thermocell electrodes, the reference electrode was
platinum wire inserted in n-type gel electrolyte (PVA-FeCl,/3) or p-type gel electrolyte (CMC-K3/4Fe
(CN)g). CV measurement was measured from —0.8 V to +0.8 V at a scan rate of 10 mvs™".

Electrochemical impedance spectroscopy (EIS)

EIS was completed using VSP potentiostat (Bio-logic) and EC-lab software (11.21) and measured in the fre-
quency range of 100 kHz-10 mHz with an AC amplitude of 10 mV.

Thermo-electrochemical measurements

Home-made temperature controller were made by our previous work (Liu et al., 2020).

Physical characterizations

Surface porous pattern and the cross-section morphology of 3D porous PEDOT: PSS were investigated
with JEOL JSM-7500FA field emission SEM (the acceleration voltage of 5.0 kV, emission current of 10
mA). Surface morphology of pristine PEDOT: PSS thin film, Pt, bended PEDOT: PSS thin film and bended
Pt were investigated by Leica DM6000 Optical Microscope. Serial connection Platinum (Pt) was coated by
Edwards Sputter Coater. Thickness of various electrodes were measured by Mitutoyo spiral micrometer.

QUANTIFICATION AND STATISTICAL ANALYSIS

Our study does not include statistical analysis or quantification.

14 iScience 24, 103466, December 17, 2021

iScience



	ELS_ISCI103466_annotate_v24i12.pdf
	All-polymer wearable thermoelectrochemical cells harvesting body heat
	Introduction
	Results and discussion
	Selection criteria of electrical conductive substrates for 3D printing of electrode materials
	Preparation of printable PEDOT: PSS ink
	3D printed PEDOT:PSS ink on electrical conductive substrates
	Optimizing electrode for both n and p type cells and pairing the optimized n–p cells
	Prototyping multiple n–p cells
	Wearable n-p cells
	Conclusions
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Method details
	Materials
	Preparation of gel electrolytes
	Preparation of electrode ink
	Rheological characterization of electrode ink
	3D printing interaxial pattern electrode
	Preparation of 3D printable polydimethylsiloxane (PDMS) spacer
	Device assembly of serial connected thermo-electrochemical cells
	Cyclic voltammetry (CV)
	Electrochemical impedance spectroscopy (EIS)
	Thermo-electrochemical measurements
	Physical characterizations

	Quantification and statistical analysis






