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Abstract: Converting body heat into electricity is a promising
strategy for supplying power to wearable electronics. To avoid
the limitations of traditional solid-state thermoelectric materi-
als, such as frangibility and complex fabrication processes, we
fabricated two types of thermogalvanic gel electrolytes with
positive and negative thermo-electrochemical Seebeck coeffi-
cients, respectively, which correspond to the n-type and p-type
elements of a conventional thermoelectric generator. Such gel
electrolytes exhibit not only moderate thermoelectric perfor-
mance but also good mechanical properties. Based on these
electrolytes, a flexible and wearable thermocell was designed
with an output voltage approaching 1 'V by utilizing body heat.
This work may offer a new train of thought for the develop-
ment of self-powered wearable systems by harvesting low-
grade body heat.

Given the recent developments in the area of wearable
electronics and e-skins,'® the emerging need for self-
powered energy supply has heightened the interest in
energy harvesting from the environment or human beings.
Among recognized energy-harvesting technologies, such as
solar cells!”® and triboelectric and electret generators, !
thermal energy is a potential power source that is widely
available in the environment and in industrial processes.!1
However, human bodies are also a permanent heat source,
with a surface temperature of about 32°C and possibly tens of
degrees temperature difference between the human body and
its environment.'>¥ Hence, it is of practical meaning to
convert body heat energy, a type of low-grade heat, into
electricity for directly powering wearable electronics.!'>!7!
The most convenient strategy to utilize low-grade heat is
thermal-electric conversion. Traditional thermoelectric gen-
erators utilizing the Seebeck effect are mainly based on solid-
state semiconductors or conducting polymers, %! with
output voltages limited by the relatively low Seebeck
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coefficient (several hundreds uVK™). Meanwhile, the fran-
gibility and expensiveness of thermoelectric materials as well
as their complicated fabrication processes are other obstacles
restricting their application in wearable electronics.”” Alter-
natively, a large thermovoltage can be derived from thermo-
galvanic effects, resulting from temperature-dependent
entropy changes during electron transfer between redox
couples and electrodes.”* Previous reports mainly focused
on the exploration of electrode materials, such as carbon
nanotubes (CNTs) and graphene,® 2! to achieve high ther-
mal-electric conversion efficiencies. However, because of the
aqueous electrolytes used in thermocells, large-scale integra-
tion and packaging of the units would be more difficult in
applications, especially for wearable devices.”” Inspired by
the successful application of gel electrolytes in solid-state
electrochemical energy storage systems and stretchable ionic
conductors,**33 we surmised that solid-state or quasi-solid-
state gel electrolytes may enable the large-scale integration of
thermocells.

Herein, we report an integrated wearable thermocell
based on gel electrolytes for low-grade thermal energy
conversion. Poly(vinyl alcohol) (PVA) was used as the gel
solution, with addition of ferric/ferrous chloride or potassium
ferricyanide/ferrocyanide couples to obtain thermogalvanic
gel electrolytes exhibiting positive or negative thermo-
electrochemical Seebeck coefficients. The prepared PVA/
ferric/ferrous chloride and PVA/potassium ferricyanide/fer-
rocyanide gel electrolytes are denoted as PFC and PPF,
respectively. As illustrated in Scheme 1, the integrated device
was designed by connecting the PFC and PPF units sequen-
tially in series, with alternating top and bottom interconnec-
tions. The integrated wearable device can generate an open-
circuit voltage of about 0.7 V and a short-circuit current of
approximately 2 pA by utilizing body heat, achieving a max-
imum output power of about 0.3 uW.

The detailed fabrication process of the thermogalvanic
gels is discussed in the Supporting Information. When a laser
transits through the produced gels, distinct light scattering is
observed (known as the Tyndall effect),* indicating the
homogeneity of the gels (Figure 1a). In contrast to the
liquidity of aqueous electrolytes, the as-prepared quasi-solid-
state thermogalvanic gels exhibit good moldability and can be
made into films with significant mechanical strength (Fig-
ure 1b). The specified samples (ca. 15 mm x 8 mm x 1 mm)
had sufficient mechanical strength up to 0.1 MPa. Simulta-
neously, the tensile properties of the gels are also remarkable
as they can be stretched to 2—4 times their original length. All
of these outstanding mechanical properties are beneficial for
the application of these gels in wearable electronic systems.
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Scheme 1. The integrated gel-based thermocell. Both the PFC and PPF
gels were sandwiched between two flexible substrates (polyimide, PI).
With alternating top and bottom interconnections, the PFC and PPF
gels are connected sequentially in series. The magnified insets
illustrate the operation mechanism of the gel-based thermocell. At

a certain temperature difference, the thermo-voltage polarity of PFC
and PPF is exactly reversed. The top right inset is a photograph of the
integrated device (scale bar: 2 cm).
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Figure 1. Physical state and mechanical performance of the thermogal-
vanic gels. a) Photographs of laser-irradiated samples of a1) a PFC gel,
a2) aqueous FeCl,/FeCl;, a3) a PPF gel, and a4) aqueous K,Fe(CN),/
K;Fe(CN). b) Stress—strain curves for PFC and PPF gel films. The tests
were carried out at a stretching rate of 5 mmmin~' (at ca. 23°C and

a relative humidity (RH) of ca. 65%). Insets: Photographs of films
made from PFC and PPF gels.

The thermo-electrochemical Seebeck coefficients of the
pure Fe*"/Fe*™ and Fe(CN),"/Fe(CN)y>~ thermogalvanic
couples are around 1 mVK™! in aqueous solution.’ The
mechanism of thermovoltage generation from PFC and PPF
gels is similar to that of pure Fe*"/Fe*" and Fe(CN)y'/
Fe(CN)4', in which charges are transferred by the migration
of ions through electrolytes under a temperature difference
rather than only by the migration of carriers (electrons or
holes) through the semiconductor thermocouple, as illus-
trated in Scheme 1. Electrons, released by the oxidation
process (Fe*"—e—Fe* or Fe(CN)s*"—e —Fe(CN)s>") at the
anode, pass through an external load injected to the cathode
by reduction (Fe*" 4 e —Fe?" or Fe(CN)s*~ + e —Fe(CN),").
At a certain temperature difference, the hot end of the PFC is
the cathode, and the PPF is the anode. Figure 2 a describes the
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Figure 2. Thermogalvanic performance of independent PFC and PPF
gels. a) Dependence of the thermo-voltage on the temperature differ-
ence. b) The short-circuit current as a function of the temperature
difference. The distance between the hot and cold ends was 1 mm,
and each electrode was 3 mm in diameter. The temperatures of the
cold and hot ends were controlled by circulating water and with an
electrical heating plate, respectively. The inset in (b) shows the current
response at a temperature difference of about 10°C. c) Electrical
conductivities of the thermogalvanic gels at different temperatures.
d) Thermal conductivities of the thermogalvanic gels at room temper-
ature (ca. 23°C).

thermovoltage response of PFC and PPF gels at various
temperature differences for a device thickness of 1 mm and
with Au/Cr as the electrodes. The thermo-electrochemical
Seebeck coefficients of PFC and PPF are 1.02 and
—1.21 mVK™, respectively, close to the values of aqueous
electrolytes. Similar to n-type and p-type solid-state thermo-
electric semiconductors, the opposite signs of the thermo-
electrochemical Seebeck coefficients of the PFC and PPF gels
play an important role in an integrated thermocell as
demonstrated below.

The generated current is proportional to the temperature
difference between the two ends. Figure 2b shows the current
response of the gels under various temperature differences,
and the current increases linearly with an increase in temper-
ature difference. At a specific temperature difference of AT
~10°C, the PPF sample exhibits a current density of
0.4 Am~ whereas the PFC sample generates a steady current
density of about 1.3 Am™2 When the heating source is
removed, the current immediately drops. This current density
is a little bit lower than that of thermocells based on aqueous
electrolytes. Figure 2c shows the electrical conductivities of
the PPF and PFC gels at different temperatures (carefully
analyzed in the Supporting Information, Figure S1). Similar
to redox-free polymer electrolytes,® the electrical conduc-
tivities of PPF and PFC gels slightly increase as the temper-
ature increases, but retain their order of magnitude of
10 mScm™, which is quite a bit smaller than those of aqueous
electrolytes (600 mScm™"),*” but comparable to those of
proton-conducting polymer electrolytes (ca. 10 mScm )P
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and much higher than those of solid-state LiPON electrolytes
(1.02x107* mScm ™).

The thermal conductivities of the gels shown in Figure 2d
were measured by the transient hot-wire method,*”! which
gave values of about 1.88 and 1.85 Wm'K™' for the PFC and
PPF gels, respectively. Although these gels show higher
thermal conductivity than aqueous solutions (ca.
0.6 WmK ™), their heat transfer capacity is actually
lower because of the large heat convection in aqueous
solutions (200-1000 Wm ™K™' for natural convection). Thus
it is easier to build up an effective temperature difference
along the quasi-solid-state gels for constructing a more
compact electricity generation device than to use aqueous-
electrolyte-based thermogalvanic systems.

The quasi-solid-state thermogalvanic gels can be molded
into different shapes, which is beneficial for integration and
packaging. To achieve large-scale integration of the thermo-
cells, we studied the performance of one PFC device and one
PPF device connected in series as shown in Figure 3a. Here,
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Figure 3. The thermogalvanic performance of a PFC cell and a PPF cell
connected in series by using a Au/Cr electrode. a) Voltage and current
as a function of the temperature difference. The inset is a schematic
representation of the two types of cells connected in series, with the
hot and cold ends on the same side. b) The dependence of the steady-
state voltage and output power on the current at a temperature
difference of approximately 10°C.

we used two units of PFC and PPF gels to construct a tandem
device (Au/Cr as the electrodes). The output voltage and
current increase linearly with an increase in the temperature
difference. At a temperature difference of about 10°C, the
output voltage of the tandem device is almost twice the value
of the individual ones (ca. 23 mV) while the current hardly
changes (ca. 3 pA) owing to the limitations of PPF. The
corresponding voltage and power outputs of the series-
connected generator as a function of the current under
steady-state conditions are given in Figure 3b. The maximum
output power (P,,,) is approximately 19 nW, which can be
enhanced by increasing the temperature difference, achieving
nearly 90 nW at AT~ 20°C (Figure S2).

To demonstrate the potential applications of the thermo-
galvanic gels in wearable systems, we fabricated an integrated
device containing 59 PFC and 59 PPF gel units (1 mm in
height and 3 mm in diameter), with bridging Au/Cr inter-
connections on flexible PI substrate as illustrated in the inset
in Scheme 1. As expected, the generated voltage of the device
increased linearly with the temperature difference, and can
reach 0.85V at an applied temperature difference of about
12°C (Figure S3). The average thermo-electrochemical See-
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beck coefficient was calculated to be 0.6 mV K™, which is
lower than the measured values of 1.02 mV K™ for PFC and
121 mVK™ for PPF, which may be due to the thermal
contact resistance between the gels and substrates.

Human bodies are a natural heat source and have great
potential for directly powering wearable electronics by
utilizing the temperature difference between human bodies
and their environment. When the integrated device is put on
a hand as shown in Figure 4 a, an open-circuit voltage of about
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Figure 4. Applications of the wearable thermocell. a) The voltage and
current generated by the thermocell from body heat. The inset shows
a photograph of the wearable thermocell on a hand. b) Voltage-time
curves of different capacitors charged by the thermocell utilizing
human body heat. The inset shows the energy stored in the capacitors,
which is also the electrical energy harvested from the body heat.

0.7 V and a short-circuit current of approximately 2 pA were
generated at an ambient temperature of 5°C. The maximum
output power was about 0.3 uW, which is much higher than
that of wearable transition-metal dichalcogenide integrated
thermoelectric generators (7.3 nW making use of body
heat),™™ and comparable to the (Bi,Sb),Te; thermoelectric
elements in MEMS (ca. 1 pW under lamp illumination).”? Tt
should be noted that the generated voltage is much lower than
expected (1.9V for the temperature difference between
a body surface of ca. 32°C and an ambient temperature of
5°C based on the average thermo-electrochemical Seebeck
coefficient), implying that the temperature difference estab-
lished along the gels is much smaller than predicted. Hence
the output voltage could be further enhanced by systematic
optimization.*’! In the meantime, the generated current could
be effectively promoted by employing electrode materials
such as CNT forest and aerogels.”* The electricity gener-
ated by our thermogalvanic generator can be directly utilized
or stored in capacitors. As shown in Figure 4b, a 10 uF
capacitor can be charged to about 0.7 Vin 15 s, and a 100 uF
capacitor can be charged to approximately 0.55 V within 120 s
by our integrated thermogalvanic generator by utilizing body
heat.

In summary, we have fabricated two types of thermogal-
vanic gel electrolytes, exhibiting outstanding mechanical
properties and comparable thermoelectric performance to
aqueous thermogalvanic electrolytes. The quasi-solid-state
thermogalvanic gel electrolytes can be easily molded into
different shapes for facile integration and packaging. Based
on these properties, a proof-of-concept wearable thermocell
was developed for harvesting body heat energy. This work
may open up new prospects for both thermocells and
wearable functional electronics.
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