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ABSTRACT: Power generation through harvesting human thermal
energy provides an ideal strategy for self-powered wearable design.
However, existing thermoelectric fibers, films, and blocks have small
power generation capacity and poor flexibility, which hinders the
development of self-powered wearable electronics. Here, we report a
multifunctional superelastic graphene-based thermoelectric (TE) sponge
for wearable electronics and thermal management. The sponge has a
high Seebeck coefficient of 49.2 4V/K and a large compressive strain of
98%. After 10 000 cyclic compressions at 30% strain, the sponge shows
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excellent mechanical and TE stability. A wearable sponge array TE

device was designed to drive medical equipment for monitoring physiological signals by harvesting human thermal energy.
Furthermore, a 4 X 4 array TE device placed on the surface of a normal working Central Processing Unit (CPU) can generate a
stable voltage and reduce the CPU temperature by 8 K, providing a feasible strategy for simultaneous power generation and thermal

management.
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lexible thermoelectric (TE) materials have shown great

potential in providing continuous power to wearable
electronics due to the ability to convert thermal energy into
electricity based on the Seebeck effect.'™® But the limitations
of traditional batteries and capacitors as power sources,
partially because of the inconvenience caused by their rigidness
and frequent maintenance and charging requirements,
renders more and more researchers to design and study
flexible TE materials and devices. However, due to the
theoretical limit of TE conversion efficiency, the reported
flexible TE materials have difficulty meeting the actual demand
of low-power electronic devices.'"™"? Therefore, the develop-
ment of self-powered wearable electronics still faces huge
challenges. To improve the TE output, it is common to design
TE devices with array structures by making full use of thermal
energy based on traditional inorganic TE materials."*™"® A
typical example is the integration of inorganic P-/N-Bi,Te;
materials into flexible polymer substrates as TE legs with high
integration."” ™' As intrinsically flexible TE materials, con-
ductive polymer TE fibers have exhibited great potential in the
manufacture of electronics fabric for wearable devices.”””>*
However, the above-mentioned design scheme usually relies
on microprocessing technology and a complex material
preparation technique, resulting in a complicated preparation
process and high cost. In addition, the traditional and
commercial inorganic TE materials tend to be rigid and brittle,
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restricting their feasibility in small-scale and built-in
applications.

TE systems based on carbon nanotubes (CNTs) and
graphene have been proposed as an efficient alternative to
realize self-powered devices due to their extraordinary
electronic transport properties.”” > While effective for many
applications, carbon nanomaterials have difficulty meeting the
power demands of modern technologies, such as wearable and
flexible electronics. Through structure design, several CNT-
based TE fibers and graphene-based TE films were fabricated
as wearable electronic devices for thermal energy harvesting.
However, the small Seebeck coeflicient limits their applica-
tions***” due to the remarkable thermal conductivity of their
special low dimensional structure leading to the relatively low-
temperature difference and TE output.”®*® In the case of
graphene, although there are many efforts to improve the TE
properties of graphene by designing different structures or
chemical treatments, the realization of practical self-powered
devices remains a major challenge.”**~** Inspired by the
aerogels with a three-dimensional (3D) porous structure,” the
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Figure 1. Characterization and properties of the TE sponges. (a) Optical image of a leaf supporting a TE sponge. (b) SEM image of the sponge. (c)
Raman spectra of the graphene sheets under a 532 nm excitation wavelength. (d) TEM image of the graphene sheets and corresponding high-
resolution TEM image. (e) Stress—strain curves at different compressive strains from 10% to 50%, the inset showing the compressibility and

recoverability. (f) The output voltage of the TE sponge was measured under various AT, the inset showing the infrared images of the TE sponge
under six stable AT values.
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Figure 2. Optimization of TE properties. (a) Seebeck coefficient and electrical conductivity of the TE sponges with different porosities. (b, c)
Seebeck coefficient and electrical conductivity with different graphene contents (b) and different pore sizes (c). (d) Comparison of the maximum
Seebeck coefficient and strain of the seven graphene-based TE sponges in this work and previously reported raw graphene-based TE films. Note:

The marks “i—vi” are expressed as graphene/PVA, graphene/PVDF, graphene/Ecoflex, graphene/Rcoflex, graphene/PU, and RGO sponges,
respectively.

heat transfer performance can be controlled by the design of In this work, we report a multifunctional superelastic
the porous structure.’*™* Therefore, high TE and mechanical graphene-based TE sponge with a high Seebeck coefficient of
properties can be achieved through 3D structure design. 49.2 yV/K and a large compressive strain of 98%. The sponges

can realize self-powered temperature and strain sensing with
high sensitivity. As a wearable device, the TE sponge array
integrated into the insole can efficiently collect human thermal
energy due to the temperature difference between the foot and
the ground. The produced electricity can drive low-power
simultaneously. medical equipment for monitoring physiological signals.

Additionally, thermal energy is gradually consumed during the
TE conversion process and the carbon-based TE materials
have relatively high emissivity, so it is expected to realize high-
efficiency power generation and thermal management
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Figure 3. Stability measurement and strain/temperature sensing performance. (a) Stress—strain curves of the TE sponge at the cyclic strains from
0% to 30% for 10 000 cycles. (b) Comparison of the Seebeck coefficient of the sponge under different cyclic numbers at the compressive strains of
30%. (c) Relative changes of the output voltage and electrical conductivity during the 3000 cyclic compressive strain at 30%. (d) Small compressive
strain-induced current variations caused under the AT of 16 K. (e) Voltage response of the TE sponge for detecting small AT in a sequence of 0.4,
0.3,0.2, and 0.1 K. (f) Voltage response of the TE sponge to finger touching. (g—i) Infrared images of 2D (g) and 3D (h) and the corresponding
voltage mapping image (i) of the multichannel 4 X 4 array TE sensing system, where a hot iron disk and a cold iron disk are put on Sensor-1 and

Sensor-4, respectively.

Moreover, a 4 X 4 array TE device on the surface of a normal
working CPU can produce a stable TE voltage and reduce the
CPU temperature. The multifunctional compact TE device
demonstrated here not only leapfrogs the property of existing
flexible TE technologies but also brings flexible TE devices
closer to reality for a variety of practical applications that
require self-powered and thermal management devices.
Figure S1 shows the preparation of the TE sponge, and the
sodium chloride (NaCl) cubes act as pore-forming addi-
tives.’”>' After immersing the prepared graphene/PDMS/
NaCl composite block in hot water, the NaCl cubes are
dissolved in the hot water to form a porous graphene/PDMS
sponge. Figure la shows the photograph of a typical TE
sponge with a porosity of 69.8% and graphene content of 6.8
wt % supported by an asparagus fern leaf and corresponding
microstructure, indicating the extreme light weight of the
sponge with an average pore size of ~250 ym (Figure 1b). In
addition, an aluminum (Al) block with a mass of 180 g can be
supported by a small cylindrical TE sponge (8 mm in radius
and 16 mm in height) as shown in Figure S2a, which exhibits
the relatively high strength of the TE sponge. The scanning
electron microscopy (SEM) analysis indicates that the raw
graphene sheets have a large lateral size with a wrinkled
structure (Figure S2b). The Raman spectra of the graphene
sheets were characterized under an excitation wavelength of
532 nm at room temperature (Figure 1c). The intensity ratios
I op of the G band to the 2D band at three locations are all
between 2.0 and 2.2, which indicates that the raw graphene
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sheets are 3—4 layers in thickness.”> Figure 1d exhibits the
TEM image of the raw graphene sheets, further confirming the
few-layer structure. Moreover, through the high-resolution
TEM image in the inset of Figure 1d, the interplanar spacing of
the graphene sheets is estimated to be 2.1 A, which
corresponds to the (100) plane of hexagonal graphite
(JCPDS No. 75-1621).°*** Compression tests indicate the
TE sponge shows excellent recoverability, cyclic stability, and
linear relationship between resistance and compressive strain
(Figure le, S3a,b, Note S1). To investigate the TE perform-
ance of the graphene-based sponge, a commercial heating
platform was utilized to establish a stable temperature gradient
in the height direction. The top and bottom electrodes of the
cylindrical TE sponge were copper plates. All temperature
distribution and the temperature difference (AT) curves of the
TE sponge were recorded by an infrared (IR) camera. By
controlling the heating platform temperature, six stable
temperature gradients can be obtained between two copper
electrodes in the inset of Figure 1f. The output voltage
variation and linear fitting curve are shown in Figure 1f and
Figure S3c, which indicates the output voltage is proportional
to the AT between two electrodes. According to the
calculation formula of the Seebeck coefficient, S = —dV/dT,
the slope of the fitting curve represents the Seebeck coeflicient
of the TE sponge.

Considering that the porous structure may affect the thermal
conductivity,”** we studied the mechanical and electrical
properties of the TE sponges with different porosities (Figures
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Figure 4. Potential application scenarios of TE sponges as wearable electronics in daily life. The fabricated TE sponges are expected to be used in
daily life through harvesting human thermal energy, showing huge application potential in self-powered temperature/strain sensing and driving low-

power medical electronics for physiological signal monitoring.

S4 and SS, Note S2). As observed in Figure 2a, the average
Seebeck coeflicient of the TE sponge gradually increases from
43.5 to 49.2 4V/K with an increase of porosity from 64.6% to
72.7%. Meanwhile, both the electrical and the thermal
conductivities decrease with the increase of porosity since
more pores can reduce the conductive path in the TE sponge
(Figure 2a and Figure S6). The decrease of thermal
conductivity shows a positive effect on improving the Seebeck
coefficient, while the power factor (PF) is gradually decreased.
To further optimize the TE performance of the sponges, we
further systematically studied the effect of graphene content
and pore sizes on the TE performance of the TE sponges
(Figure 2b,c). It is found that the optimal TE sponges have a
porosity of 69.8%, graphene content of 7.6%, and average pore
size of ~500 um, corresponding to the optimized Seebeck
coefficient of 47.2 4V/K and electrical conductivity of 8.45 S/
m (Figure S7a,b, Note S3). Figure 2d compares the Seebeck
coeflicient and the maximum stretchable/compressive strain of
the 3D graphene-based TE sponges with other §raphene TE
materials, including the raw graphene films,>3567 gra-
phene—polymer films,”>*"*»** ‘and graphene-based compo-
sites."”"** Herein, most of the works reported in the literature
have not studied the tensile or compressive properties of
graphene-based TE materials, as marked in the red dotted box
of Figure 2d. To facilitate the comparison of mechanical
properties, we assume that the tensile or compressive strain of
these materials is very small and even close to zero. It is
observed that our fabricated graphene/PDMS TE sponge
reaches a maximum average Seebeck coefficient of ~49.2 uV/
K and an extraordinarily compressive strain as high as 98%,
which is larger than that of any reported graphene-based TE
materials. For comparison, we also investigated the TE and
compressive properties of reduced graphene oxide (RGO)
sponge and five other graphene/polymer sponges in this work.
It is observed that the graphene/PVA sponge shows relatively
good TE performance and poor compressive property, while
the RGO sponge is the opposite. Compared with the above six
TE sponges, the best TE and mechanical properties of the
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graphene/PDMS sponge are attributed to the beneficial
interfacial interaction between graphene sheets and PDMS
precursor molecular chains.

Through the above performance optimization, we selected
the TE sponge with a porosity of 69.8%, a graphene content of
7.6%, and an average pore size of ~500 ym for the following
studies. According to the cyclic stress—strain curves shown in
Figure 3a and the time-dependent stress variation (Figure S8),
the TE sponge exhibits excellent mechanical and TE stability
within 10 000 cycles at the compressive strain of 30% without
obvious performance degradation. The retention rates of the
Seebeck coefficient are up to 98.9%, 97.6%, and 92.5%,
corresponding to the cyclic numbers of 3000, 5000, and
10 000, respectively (Figure 3b). In addition, both the output
voltage and electrical conductivity (6) of the TE sponge
remain almost constant during the 3000 cycles of strain from 0
to 30% at a AT of 16 K (Figure 3c). The electrical output and
Seebeck coefficient of the TE sponge were systematically
measured when the compressive strain increased from 0 to
30% under a constant AT of 16 K (Figure S9, Note S4). By
controlling the AT fixed at 16 K, we investigated the current
change caused by several small compressive strains. The cyclic
small strains can cause cyclic current changes (Figure 3d), and
the TE sponge can monitor an ultrasmall strain up to 0.3%
with a response time less than 0.1 s, indicating the excellent
sensing performance with high strain resolution and fast
response.

Except for excellent strain sensing ability, the fabricated TE
sponge can realize self-powered temperature sensing due to the
Seebeck effect. By controlling the working voltage of a heating
platform, small AT values of 0.4, 0.3, 0.2, and 0.1 K across the
height direction of the TE sponge were achieved. Figure 3e
gives the corresponding time-dependent voltage curve under a
decreased AT from 0.4 to 0.1 K. The monitored minimum AT
is only 0.1 K, showing the excellent potential application in
sensing an extremely small temperature difference. When a
fingertip touches the TE sponge, the corresponding TE sponge
will generate a voltage signal due to the occurrence of AT

https://doi.org/10.1021/acs.nanolett.2c00696
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Figure S. Application of the TE sponge array device. (a, b) The output voltage of the integrated TE device is placed on a cold source of 0 °C (a)
and a heat source of 70 °C (b) to simulate the cold and hot environments; the insets show the corresponding optical images of the testing devices.
(c) Output voltage of the sponge under extremely high/low-temperature conditions. (d) Application of the integrated TE device for driving a
sphygmomanometer by harvesting human thermal energy. (e, f) Schematic diagram of computer equipment (e) with the CPU surface covered with
an array TE device (f) for power generation and cooling the CPU. (g) Optical image of a CPU and corresponding infrared image at work with the
surface temperature of 85 °C. (h) Optical image of a 4 X 4 array TE device placed on the surface of a normal working CPU. (i) Time-dependent
temperature curves and corresponding TE voltage curve, indicating the temperature reduction of ~8 K when the CPU was covered with the 4 X 4

array TE device.

between the upper and the lower electrodes. While the
fingertip leaves the sponge, the TE signal will gradually
decrease (Figure 3f). The recovery time of 3S s is larger than
the response time due to the long thermal equilibrium time in
the recovery process. We designed a multichannel 4 X 4 array
TE sensing system based on 16 cylindrical TE sponges as
temperature sensors (diameter: 10 mm, height: 3 mm, copper
plate as electrodes) embedded in PDMS as a flexible matrix
(Figure S10). The TE sponge shows excellent output stability
and temperature sensing performance through the finger
touching tests. Moreover, a hot iron disk as the heat source and
a cold iron disk as the cold source were put on the surfaces of
Sensor-1 and Sensor-4. Figure 3gh exhibit the corresponding
2D and 3D infrared images, respectively. It is observed that the
temperatures of the heat and cold sources are approximately 60
°C and —30 °C, which generated the TE voltage of 0.9 mV and
—1.5 mV, respectively (Figure 3i). Since there is no obvious
AT of other channels, it is no significant voltage output,
corresponding to the voltage mapping image of the same color.
Based on the above research concept, the TE array device with
sufficient channels provides a huge potential application
concept in signal sensing, position determination, even
information security, etc.

Figure 4 shows the excellent TE performance and the huge
application potential in the daily life of TE sponges through
harvesting human thermal energy. As a stable heat source, the
human body can provide continuous thermal energy. And by
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efficiently collecting heat energy from the human body, it has
huge application potential in the development of wearable
electronics. The fabricated TE sponge shows good compressive
strength and superelasticity, so it is desirable to integrate TE
sponge array insoles to harvest and convert human thermal
energy into electricity for driving low-power medical equip-
ment (sphygmomanometer, heart rate belt, finger clip
oximeter, etc.).

To demonstrate the potential application of the TE sponge,
we fabricated an insole-shaped TE sponge array by integrating
62 sponges serially connected into a pearl cotton foam (Figure
S11a). The entire insole-shaped TE device can act as both the
insole and the sole of a shoe (Figure S11b), and it is hoped
that such a smart TE shoe could be designed to generate
electricity from the temperature difference between the human
body and the external environment. To simulate the cold and
hot environments, the integrated TE device was placed on the
surface of an ice-box (~0 °C) and a heating platform (~70
°C), respectively; as shown in Figure Sa,b, the integrated TE
device can deliver stable TE voltage output of ~70 and 90 mV.
Note in some extremely cold regions, the AT between indoor
and outdoor is even larger, which can better reflect the
potential value of the TE sponge, such as in the city of Genhe,
Inner Mongolia Autonomous Region of China, where the
annual average temperature is about —5 °C and the lowest
temperature outdoors is below —50 °C.>” Therefore, a
relatively high AT between the human body and the outside

https://doi.org/10.1021/acs.nanolett.2c00696
Nano Lett. 2022, 22, 3417-3424


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c00696/suppl_file/nl2c00696_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c00696/suppl_file/nl2c00696_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c00696/suppl_file/nl2c00696_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c00696/suppl_file/nl2c00696_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00696?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00696?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00696?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00696?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c00696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

environment can be obtained, as a satisfactory heat source,
showing huge application potential in thermoelectric con-
version. To explore the working temperature span of the
graphene-based TE sponge, a heating platform and liquid
nitrogen were used for designing a stable heat source and cold
source. The test was conducted by placing a single TE sponge
on top of the heat or cold source, respectively; as shown in
Figure Sc, the sponge can still deliver a high and stable output
voltage even in such a large temperature span from —170 to
300 °C without obvious structure damage, indicating the
excellent stability. To demonstrate the practicability of the
integrated TE device in an insole (Figure S11a), the case with
a volunteer stepping on a hot metal plate with a temperature of
50 °C has been studied. Through a voltage amplifier
system,”**°! the produced electricity can successfully drive
low-power medical equipment for monitoring physiological
signals (Figure Sd and Figure Sllc,d, Note SS). Herein, we
expect that if the optimized TE sponges could be integrated
into houses in perennial low-temperature areas, there should
be wide application potential to take advantage of the large AT
between indoor and outdoor.

As the total power consumption of electronic devices
continues to increase, the rate of device failure caused by
overheating is becoming the main failure mode.®” In addition,
when the working temperature exceeds 70 °C, the performance
of the electronic device decreases by about 10% for every 2 °C
increase in the working temperature.”> As the most important
core component in a computer, the Central Processing Unit
(CPU) generates enormous amounts of heat energy, which
seriously affects the operating speed and working stability of
the computer. As mentioned above, TE materials can achieve
the conversion between heat and electricity, so it may be
feasible to use TE devices to generate electricity. Meanwhile,
the TE sponge can be used as also the heat sink to cool the
CPU. As depicted in Figure Se,f, an array TE device is expected
to cover the surface of the CPU and produce TE electricity and
then take away heat and radiate it into the air to cool the CPU.
Figure 5g shows the optical image and corresponding infrared
image of the CPU during operation. The surface temperature
of the CPU is as high as 85 °C, and the temperature variation
of the CPU surface at different stages in the computer startup
process is displayed in Figure S12. To verify the performance
of power generation and CPU cooling through a TE device, a 4
X 4 array TE device was fabricated and fixed on the surface of
the CPU, and the corresponding photograph is exhibited in
Figure Sh. Figure 5i shows the time-dependent temperature
and TE voltage curves, and the TE device can provide a
relatively stable TE voltage of ~21 mV. Compared with the
condition without the TE device, the temperature of the CPU
covered by the 4 X 4 array TE device drops by about 8 K from
84.6 to 76.6 °C. This confirms the practical application
potential of the TE array device in daily life, providing a
feasible strategy for the TE sponge array to generate electricity
and cool electronic devices at the same time.

In summary, we designed a multifunctional superelastic
graphene-based TE sponge with a large Seebeck coeflicient and
compressive strain as high as 49.2 yV/K and 98%, respectively.
After 10000 times cyclic compression at 30% strain, the
sponge retains excellent mechanical and thermoelectric
stability, and the retention rate of the Seebeck coeflicient is
still as high as 92.5%. The electrical energy generated by the
Seebeck effect can realize self-powered temperature and strain
sensing, which corresponds to a high resolution of 0.1 K and a

large strain sensitivity of 645.5 nA/% under the AT of 16 K. In
addition, the sponge can still maintain superior TE stability
even in such a large temperature span between —170 and 300
°C. As a wearable device, the sponge array integrated into the
insole showed good TE performance in the simulated winter
and summer environment and can drive medical equipment for
monitoring physiological signals. A 4 X 4 array TE device
placed on the surface of a normal working CPU can generate a
stable voltage and simultaneously reduce the CPU temperature
by 8 K, which provides a feasible strategy for simultaneous
power generation and thermal management.
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