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ABSTRACT: Thermoelectric (TE) technology provides a new way
to directly harvest and convert the heat continuously released from the
human body. The greatest challenge for TE materials applied in
wearable TE generators is compatible with the constantly changing
morphology of the human body while offering a continuous and stable
power output. Here, a stretchable carboxylic single-walled carbon
nanotube (SWNT)-based TE fiber is prepared by an improved wet-
spinning method. The stable Seebeck coefficient of the annealed
carboxylic SWNT-based TE fiber is 44 yV/K even under the tensile
strain of ~30%. Experimental results show that the fiber can continue
to generate constant TE potential when it is changed to various
shapes. The new stretchable TE fiber has a larger Seebeck coefhicient
and more stretchability than existing TE fibers based on the Seebeck
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effect, opening a path to using the technology for a variety of practical applications.
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S ince its discovery, thermoelectric (TE) technology based
on the Seebeck effect has provided a unique method to
directly convert heat to electrical energy without causing
environmental pollution. ™ For this kind of TE generator, the
maximum electric potential that can be generated mainly
depends on the energy conversion efficiency of the TE material
and actual temperature difference between the hot and the
cool ends. The human body, like a continuous constant
temperature source, has the potential to provide an
inexhaustible energy, if the heat loss can be collected and
converted effectively.” The electricity generated by the huge
population on the earth is quite considerable. It can be directly
used to drive the wearable electronics operation and even
collected to make up the shortfall in demand for electricity.
Therefore, more and more studies have focused on wearable
TE materials for the human body.®’

In order to meet the requirements of wearability, TE
materials must have good mechanical flexibility and preferably
stretchability.”>® Inorganic TE materials with a high Seebeck
coefficient have an outstanding TE performance.' ™ The
biggest challenge for them in the application of wearable TE
generators is that it is difficult to match the body whose
morphology changes with human motion. A common method
is to coat inorganic TE materials on various flexible substrates
(such as polymer film and fiber) by vacuum filtration,”"® spin-
coating,"" drop-casting,'>”"® blade-coating,'® printing,'”'® and
physical and chemical vapor deposition.'”” To avoid the
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fracture of TE materials, the devices with layer structure or
core—shell structure can only be bent, even if the substrate is
stretchable. Another design is to integrate bulk TE legs into an
elastic polymer connected with stretchable electrodes.”"** In
this way, the final TE generator is stretchable; however, it is
not suitable for covering a larger area of the human body due
to its inpermeability.

Conductive polymers are a class of promising TE materials
because of their mechanical flexibility. Among them, poly(3,4-
ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS)
has the highest energy conversion efficiency and thus attracts
more attention to application in flexible TE generators.”
Compared with inorganic TE materials, the low Seebeck
coefficient limits the TE performance of PEDOT:PSS. In some
studies, inorganic TE materials with a high Seebeck coeflicient
or high conductivity are mixed into PEDOT:PSS to improve
the TE performance of the composite, but this leads to a
decrease in flexibility and stretchability.'#**~>” Carbon
materials, including carbon nanotubes (CNTs) and graphene,
are flexible and conductive due to the characteristic structure
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Figure 1. Synthesis of CNT-based TE fibers. (a) Schematic illustration of the experimental setup used to fabricate CNT-based composite TE fibers.
(b) Morphology (left) and cross-sectional (right) SEM images of the carboxylic SWNT-based fiber, MWNT-based fiber, and SWNT-based fiber.
(c) Raman spectroscopy of the carboxylic SWNT-based fiber at an excitation wavelength of 532 nm. (d) TGA and DTG of carboxylic SWNT-

based composite TE fiber under 20 vol % O, and 80 vol % Ar.

of the two-dimensional hexagonal lattice of carbon atoms.>®732

The strong 7—7 interaction between CNTs (or graphene) and
PEDOT:PSS can effectively improve the conductivity of the
composite while maintaining its flexibility.”**~>* In addition to
conductive polymers, graphene can also be solely mixed into
the elastomer to prepare flexible TE materials.””~* The
resistance of some graphene-based TE materials is generally
sensitive to mechanical strain. Thus, they are more suitable for
TE sensors rather than TE generators.%‘44 However, most
current wearable TE materials are only flexible rather than
intrinsically stretchable. Their maximum tensile strain is
usually less than 10%, which cannot satisfy the actual demand
for wearable TE devices.**® Therefore, it is quite necessary to
develop new stretchable TE materials.

Here, we reported a stretchable CNT-based TE fiber
fabricated by improved wet-spinning technology. The opti-
mized carboxylic single-walled carbon nanotube (SWNT)-
based TE fiber had a Seebeck coeflicient of 44.0 V/K under
the tensile strain of ~30%. The experimental results showed
that the resistance change ratio of the TE fiber was only 10%
under a tensile strain of 20%, and the maximum output power
was about 400 pW under the temperature difference of S0 K.
There was no obvious change in the open-circuit voltage of the
TE fiber when it was stretched or bent. Further, a wearable and
compact TE device was integrated using optimized carboxylic
SWNT-based TE fibers. The device can conform to surfaces
with complex curvature and also operates with excellent
performance.

CNT-based TE fibers are prepared by an improved wet-
spinning method (Figure 1a)."” CNT powders are well
dispersed in deionized water by probe ultrasonication as the
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spinning solution, where sodium dodecyl sulfate (SDS) is used
as the surfactant to avoid aggregation of CNTs. A mixed
aqueous solution containing S wt % waterborne polyurethane
(WPU) and S wt % poly(vinyl alcohol) (PVA) is used as a
coagulating bath. Then, the CNT-based spinning solution is
gradually extruded into the coagulation bath through a syringe
needle with a diameter of 300 um. Meanwhile, the needle
moves slowly along the opposite direction of spinning solution
outflow. In this way, a fiber is left and in situ immersed in the
coagulation bath for 10 min. During this period, the water in
the spinning solution is extracted out. Meanwhile, different
from the general wet-spinning process,"> WPU and PVA
molecular chains in the coagulating bath reversely infiltrate
into the gap between adjacent CNTs, due to the concentration
gradient between the spinning solution and the coagulation
bath. After that, the fiber is repeated to transfer and immerse in
deionized water several times to remove redundant WPU,
PVA, and SDS. After natural drying in air, the as-prepared
CNT-based TE fibers are annealed in vacuum to improve their
mechanical properties and TE performance.

Figure 1b shows the morphology of TE fibers prepared by
three kinds of different CNTs. The TE fibers prepared by
multiwalled carbon nanotubes (MWNTs) and carboxylic
SWNTs are both cylindrical, while the SWNT-based TE
fiber is a flat strip. This may be related to the dispersed state of
the CNTs in the spinning solution. Compared with MWNTs
and carboxylic SWNTs, it is difficult to monodisperse SWNT's
in deionized water only with SDS because of the strong
intermolecular interaction between SWNTs.*”*° From the
cross-sectional scanning electron microscope (SEM) images,
SWNTs exist in the fiber in the form of a bundle, and MWNT's
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Figure 2. TE performance of CNT-based TE fibers. (a) Schematic illustration of the measurement setup for the open-circuit voltage of the TE
fiber. (b) Open-circuit voltage of the TE fiber prepared by three kinds of CNTs as a function of the temperature difference between the hot and the
cool ends (AT = T — T,). The line with the same color is the corresponding fitting result. (c) Seebeck coefficient and conductivity at RT of the
fibers prepared with three kinds of CNTs. (d) Power factor of the TE fibers prepared with three kinds of CNTs as a function of temperature
difference (AT). (e) Seebeck coefficient and conductivity at RT of the fibers annealed at different temperatures. (f) Power factor of the TE fibers
annealed at different temperatures as a function of temperature difference (AT).

and carboxylic SWNTs uniformly distribute in the fibers. As
shown in Figure S1, the fiber with the length of 350 mm was
collected on a metal rod, and the diameter of the fiber was
uniform (~26 um).

The high concentration of the WPU-PVA aqueous solution
as the coagulation bath does not only extract out water from
the spinning solution but also provides an opportunity for
polymer molecular chains to infiltrate into the gaps between
the CNTs. As shown in the cross-sectional SEM images, the
CNTs in the three kinds of fibers are all wrapped by a polymer
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(Figure 1b). The characteristic peaks in Raman spectroscopy
indicate the presence of carboxylic SWNTs in the TE fiber
(Figure 1c). The carboxylic SWNT-based fibers are further
characterized by thermal gravimetric analysis (TGA). As the
temperature increases, the fiber gradually decomposes in a
mixed atmosphere containing 20 vol % oxygen (O,) and 80 vol
% argon (Ar). Compared with TGA curves of each individual
component in the fiber, it can be determined that the fiber is
composed of carboxylic SWNT, SDS, PVA, and WPU
according to the characteristic peaks in the differential thermal

https://dx.doi.org/10.1021/acs.nanolett.0c04252
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Figure 3. TE performance of the carboxylic SWNT-based fiber under the tensile state. (a) Open-circuit voltage of an individual carboxylic SWNT-
based fiber with different strains and hot end temperatures. The voltage gradually improves with the increase of the hot end temperature. The inset
shows that the average voltage has a linear correlation with a temperature difference between hot and cool ends. (b) Seebeck coefficient and
resistance of an individual carboxylic SWNT-based fiber under different strains. (c) Maximum strain with the corresponding Seebeck coefficient of
the carboxylic SWNT-based TE fiber is compared with those of control stretchable TE fibers in the literature. (d) Measured (square) and predicted
(line) output powers of an individual carboxylic SWNT-based fiber in terms of the external load resistance.

gravimetric (DTG) curves (Figure 1d and Figure S2). The
broad peaks at 298 and 436 °C are both the overlap results of
SDS, PVA, and WPU. The peak at 515 °C is the typical
characteristic peak of carboxylic SWNTs. When the temper-
ature is higher than 550 °C, the residual weight is from the
decomposition products of SDS. However, the above results
indicate that the CNT-based TE fiber is a composite, which is
made of pristine CNTs and SDS, and the infiltrated PVA and
WPU.

To investigate the TE performance of the CNT-based TE
fiber, a homemade measurement setup is installed as shown in
Figure 2a. In order to ensure the uniform surface temperature,
the copper (Cu) plates are attached to the surfaces of the hot
and cool ends. A K-type thermocouple is used to measure the
surface temperature of each end. A polyimide (PI) heater
connected with an adjustable power supply is stuck on the
back of the Cu plate to control the temperature at the heating
end. The fiber is fixed by silver paste and connected with a
voltmeter (Keithley 2182A) to record real-time dynamic data.
During the experiment, the room temperature (RT) is always
~25 °C. There is a linear relationship between the open-circuit
voltage of the TE fiber and the temperature difference (AT)
between the hot (T) and the cool (T,) ends (Figure 2b and
Figure S3). With increasing AT, the open-circuit voltage
gradually increases. The Seebeck coefficient is equal to the
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slope of the relationship between the open-circuit voltage and
the temperature difference, which is almost unchanged in the
tested temperature range. Compared with TE fibers composed
of MWNT's and SWNTs, the carboxylic SWNT-based TE fiber
has a larger Seebeck coefficient (37.5 yV/K) and a higher
open-circuit voltage under the same AT (Figure 2c). Although
the conductivity of the carboxylic SWNT-based TE fiber is
slightly lower than that of the SWNT-based TE fiber, the
calculated TE power factor shows that the carboxylic SWNT-
based fiber has a better TE performance compared with the
other two kinds of TE fibers. As the temperature at the hot end
increases, the TE power factor also increases (Figure 2d).
The concentration of the spinning solution also affects the
TE performance of the CNT-based fibers. We compared the
TE performance of carboxylic SWNT-based fibers prepared by
a spinning solution with different mass fractions of CNTs. As
shown in Figure S4a, there is no significant change in the
Seebeck coeflicient of the TE fiber with increasing content of
CNTs. The electrical conductivity of these TE fibers gradually
improves with the increase of the hot end temperature (Figure
S5). Among them, the TE fiber prepared by a spinning
solution with 0.6 wt % carboxylic SWNTSs has the highest
conductivity. When the concentration of the spinning solution
is larger than 0.6 wt %, the dispersed state of the carboxylic
SWNTs in the solution degrades, thereby decreasing the
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Figure 4. TE performance of a flexible device integrated by TE fibers. (a) Schematic illustration of a TE device. (b) Open-circuit voltage of the TE
device at different temperatures of the hot end. (c) Measured and predicted output voltage and power of the TE device as a function of external
load resistance. (d) Cross-sectional infrared and optical image of the TE device. (e) Change in open-circuit voltage of the TE device before (left)

and after (right) being placed on the forearm.

conductivity of the fiber. There is no doubt that the fiber
prepared by the spinning solution with 0.6 wt % carboxylic
SWNT's has the highest TE power factor and it increases with
the increase of AT (Figure S4b).

Annealing treatment can further improve the TE perform-
ance of the carboxylic SWNT-based fiber. As the annealing
temperature increases, the electrical conductivity of the fiber
increases gradually. Meanwhile, the Seebeck coeflicient
increases first and then decreases (Figure 2e). According to
the calculated TE power factor, TE fiber annealing at 130 °C
shows the best power factor (Figure 2f). In general, the TE
fiber annealed at 130 °C (0.6 wt % carboxylic SWNTs)
exhibits the desired TE performance with the Seebeck
coefficient of 44.0 uV/K and power factor of 1.78 yW/(m-
K?) at RT.

To be wearable, the carboxylic SWNT-based TE fiber must
meet the requirements for stretching. The fiber prepared from
the WPU-PVA blended aqueous solution exhibits good
stretchability. Compared with the fiber fabricated by a pure
PVA aqueous solution, the introduction of WPU effectively
enhances the stretchability of the TE fiber while reducing the
elastic modulus (Figure S6). Considering both the TE
performance and the mechanical properties, the TE fiber
annealed at 130 °C (0.6 wt % carboxylic SWNTs) is used to
further analyze the TE performance during stretching. Figure
3a shows that open-circuit voltage of the fiber does not change
with the tensile strain, and it improves with the increase of AT.
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As shown in the inset in Figure 3a, the average voltage shows a
near-linear relationship with the temperature difference. Figure
3b summarizes the Seebeck coefficient and resistance at RT of
the TE fibers under different tensile strains. With increasing
tensile strain, the Seebeck coeflicient is almost unchanged and
the electrical resistance of the TE fiber increases slightly. These
results show that the resistance change of the fiber during
stretching has little effect on the open-circuit voltage, which is
mainly determined by the temperature difference between the
hot and the cool ends. Whether the fiber is stretched or not,
the Seebeck coeflicient is always constant. It is worth noting
that the maximum strain gradually decreases with the
increasing temperature at the hot end. The TE performances
of the fibers were compared undergoing different deformation
states, such as stretching, bending, and twisting. Compared
with the as-prepared fiber, there is only slight attenuation of
the Seebeck coefficient and conductivity, when the TE fibers
undergo 100 times stretching of 5% strain, 1000 times bending
of 180°, and 1000 times twisting of 180°, respectively (Figure
S7).

In order to further explore the TE fiber used in wearable
applications, we investigated the effect of the humidity on the
TE performance of the fiber (Figure S8). As a demonstration
of practical application scenarios, the TE fibers exhibit good
TE performance stability even if they are immersed in
deionized (DI) water or synthetic perspiration for 1 h. It is
worth noting that the conductivity increases slightly, when the
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TE fiber is soaked in synthetic perspiration for 1 h. This may
be caused by the existing free ions in synthetic perspiration.
However, these results indicate that the sweating process (such
as humidity) does not affect the TE performance of the fiber.
Figure 3¢ compares the Seebeck coeflicient and maximum
strain of the carboxylic SWNT-based TE fiber (filled symbol)
with previously reported stretchable inorganic,”" organic,””**
and inorganic/organic™*~*° TE fibers (open symbols) in the
literature. The carboxylic SWNT-based TE fiber reaches a
Seebeck coeflicient of 44 yV/K with a maximum tensile strain
of ~30%, setting a new mark for the stretchable TE fiber.
Furthermore, we measured the output voltage under AT =
50 K for a variety of external load resistances (Figure 3d). It
can be seen that the output voltage increases with the external
load resistance. The output power increases first and then
decreases with the external load resistance, and the maximum
output power is ~394 pW corresponding to the external load
resistance equal to the internal resistance of the fiber. We also
estimated the output power (P) by the following equation®’

(1)

where I is the current across the external load resistance and
R,, is the resistance of the external load. Because the
measurement circuit can be simplified to a series circuit
including external load resistance (R,,), the internal resistance
of the TE fiber (Rqg), circuit resistance (R,,), and a TE
potential (U), the current (I) can be calculated by

_ U
Rex + RTE + Rtot

2
P=TIR,

)

Based on the Seebeck effect, the total voltage is determined
by the AT between the hot and the cool ends.

U= aAT + U, (3)

where a is the Seebeck coefficient of the fiber and Uj is the
intrinsic built-in electric potential at the contact interface
between the TE fiber and the silver paste. As shown in Figure
3d, the measured output power (square) is consistent with the
predicted value (line). The predicted results demonstrate that
the maximum output power decreases toward the large
external load resistance with the increase of the internal
resistance of the TE fiber. For the carboxylic SWNT-based TE
fiber, the experimental results have shown that the change in
resistance of the fiber caused by stretching is negligible.
Regardless of stretching, bending, or twisting, any human
motions in practice do not have much effect on the output
voltage of the carboxylic SWNT-based fiber (Figure S9).
Figure S10 shows the output voltage under a lower
temperature difference for a variety of external load resistances.
In general, the temperature difference between the environ-
ment and the human body is usually less than 20 K. In this
case, the maximum output power of an individual TE fiber
increases from ~43 pW to ~80 pW with the increase of the
temperature difference from 10 to 20 K.

Finally, we fabricated a wearable and compact TE device
integrated by 10 TE fibers (Figure 4a). In the design, the fibers
are placed on a VHB tape parallel along the axis at equal
spacing. One side of each fiber is connected to the other side of
the adjacent fiber by the Cu wire. The Cu wires connected to
the ends of the outermost fibers are used as the output ends of
the entire device. All the junctions are fixed with silver paste. A
polydimethylsiloxane (PDMS) coating on all of the TE fibers
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encapsulates the entire device. It is worth noting that one side
of the fibers is raised up by a 1 mm-thick VHB tape. In this
way, two asymmetric heat transfer paths are constructed
artificially, due to the difference of thermal conductivity
between the VHB tape and PDMS. When the device is placed
on a flat heating source, there is a temperature difference
between two ends due to the nonuniform heat transfer along
the vertical direction. Among them, the end without a step is
closer to the heat source, defined as the hot end.

A heating plate is used to control the temperature of the hot
end alone. As shown in Figure 4b, the open-circuit voltage of
the device increases with the increase of AT. In this device, 10
fibers are connected in series. In theory, the open-circuit
voltage of the device should be equal to the sum of the open-
circuit voltages of each fiber. However, it is obviously lower
than the open-circuit voltage of the 10 TE fibers in Figure 3a.
The reason is that the actual temperature of the TE fiber at the
hot end is lower than the heating temperature. Further, we
measured the output voltage and power as a function of the
external load resistance when the heating temperature of the
hot end was 55 °C (Figure 4c). The output voltage gradually
increases to the open-circuit voltage of this TE device with the
external load resistance. The measured maximum output
power is about 227.9 pW, when the external load resistance is
equal to the resistance of the TE module. For the in-series
circuit, the total voltage of the TE module is 10 times the
voltage of an individual TE fiber. Based on this assumption, the
predicted voltage and output power are both consistent with
the measured results, while AT is 10 K. The comparison
between the predicted and the measured results shows that the
temperature difference used in the prediction (10 K) is
significantly lower than that in the experiment (30 K). It
exactly verifies that the actual temperature of the TE fiber at
the hot end is lower than that of the heating temperature.

Figure 4d shows the cross-sectional infrared image of a TE
device placed on a heating plate at 35 °C and its cross-sectional
morphology. The boundary between PDMS and the VHB tape
has been marked with a dashed line. The infrared image shows
a distinct temperature gradient along the vertical direction
between the hot and the cool ends, which visually reveals the
temperature difference between the ends of the TE fibers. The
output voltage of the TE device placed on the desk was only
7.5 V. Once the device is placed on the forearm, the output
voltage rapidly increases to 0.66 mV (Figure 4e). These results
describe the great potential of the TE device integrated by a
carboxylic SWNT-based fiber applied in the harvesting and
conversion of human heat.

Figure S11 shows another two kinds of TE fiber-based TE
textiles. One is TE fiber-based fabric, in which 20 TE fibers
were woven into a fabric by a plain weave (Figure S11a). Along
the longitude and latitude directions, 10 fibers are connected in
parallel with each other, respectively. In this way, the total
resistance of the fabric is lower than that of an individual TE
fiber. The experimental results show that the output voltage of
the TE fabric is 0.82 mV, basically equal to the output voltage
of an individual TE fiber, when the temperature difference is
20 K. Thanks to the decrease in resistance, the maximum
output power is 197 pW. Another way is to embroider the TE
fiber into the cotton textile (Figure S11b). The TE fiber is
periodically coated with silver paste, and the joints between the
TE fiber and the silver paste-coated TE fiber are arranged on
the two sides of the cotton textile alternately. The series of
joints between the as-prepared TE fiber and the silver paste-
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coated TE fiber raises the output voltage. When the cotton
textile with the weaved TE fiber is placed on a 37 °C heating
plate, the output voltage is 1.29 mV corresponding to the
temperature difference of ~5 K at steady state (Figure S11c).

In conclusion, we fabricated a stretchable carboxylic SWNT-
based TE fiber by an improved wet-spinning method. After
annealing treatment, the fiber exhibits a stable Seebeck
coefficient of 44.0 yV/K and a maximum stretching strain of
27%. The experimental results show that the open-circuit
voltage of the TE fiber is independent of the tensile strain, and
the resistance increases by only 10% under the tensile strain of
20%. It indicates that fiber has the ability to provide a stable
voltage output when it is changed into various shapes. Based
on the above results, we designed a flexible TE device
integrated with 10 TE fibers. When the device is attached on
the skin surface, there is a stable voltage output of 0.66 mV.
The moderate Seebeck coefficient, high tensile strain, and
stable voltage output provide an opportunity for the
application of carboxylic SWNT-based TE fibers in wearable
TE generators.
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