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Flexible thermoelectric (TE) generators have been attracting significant attention from researchers
as an energy-harvesting candidate for wearable and the Internet of Things (IoT) applications, in which
mechanical flexibility and high thermoelectric conversion efficiency are highly demanded. The

performance of thermoelectric materials is determined by the dimensionless figure of merit,
ZT = @T
K

where o 1s the Seebeck coefficient, o is electrical conductivity, and x is thermal conductivity.
Excellent TE materials are, therefore, those with a high «, a high o, and a low x. Among the various
materials, carbon nanotube (CNT) is one of the most promising candidates for flexible TE applications
due to its extraordinarily high ocand excellent mechanical properties. TE generators with CNT yarn
can be designed as textile structures with excellent tensile and 3D deformation ability. The textile
structure is also advantageous for obtaining temperature differences with millimeter thickness while
maintaining flexibility and stretchability.

CNT yarns are frequently fabricated by the wet-spinning method, which requires the dispersion of
CNT in aqueous media. However, CN'T’s strong entanglement and poor solubility in water have made

it challenging to maximize TE performance. In a previous study, a dispersion method for CNT using

ionic liquid (IL), 1-butyl-3-methylimidazolium hexafluorophosphate ((BMIM]PF6), was developed and

confirmed to enhance the TE properties. However, since
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dispersion method improved Z7 by ca. three times ionic liquid glycerol

mainly due to the increase in electrical conductivity
Figure 1: Surface morphology and TE
properties of CNT yarns fabricated by the

increase in thermal conductivity (Figure 1). The previous and newly developed dispersion
methods.

caused by higher CNT alignment without a significant

suppression of the increase of thermal conductivity




was confirmed to be due to the insertion of the CNT-wrapping surfactant molecules at CNT’s
bundle/bundle junctions.

Since low thermal conductivity is a key factor in maximizing the TE performance for practical
applications, a nanocomposite structure that remarkably suppressed thermal conductivity was
designed, where core-shell protein molecules are inserted between the CNT bundles. Not only the
phonon-blocking role of the soft protein shell but the core is also expected to mediate the charge
transfer at the molecular junction to enhance electrical conductivity, as described in the energy level

alignment between CNT and core materials in Figure 2.
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Figure 2! Expected energy level alignment at CN'T/C-Dps/CNT junctions with different core materials:
ferrihydrite (Fe) and cadmium selenide (CdSe).

In the latter part of the thesis, I delved into the tuning of the semiconducting core materials. It was
found that the thermal conductivity of CN'T/protein composite yarns decreased significantly for all
composite yarns with different core materials. However, this decrease in thermal conductivity was
accompanied by a decrease in electrical conductivity, highlighting the trade-off in the tuning process.

Taking advantage of core materials to suppress heat conduction, chemical doping was carried out
to optimize the TE performance of the CNT/protein composite yarn. The optimized doping results are
shown in Figure 3. Fe core was effective for p-type yarn by vapor-phase doping of strong accepter
7,7,8,8-tetracyanoquinodimethane (TCNQ), while CdSe was effective for n-type yarn by solution-
phase doping of 4-(1,3-dimethyl-2,3-dihydro-1 H-benzimidazol-2-y1)-N,N-dimethylaniline (N-DMBI).
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Figure 3: TE properties of composite yarns with different cores with and without chemical doping.
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