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Abstract

This study demonstrates the fabrication of high-performance thermoelectric carbon nanotube
/poly(3-hexylthiophene) (CNT/P3HT) nanocomposite films and flexible CNT/P3HT organic
thermoelectric generators (OTEGS) by spray-printing. The spray-printed few-walled
CNT/P3HT nanocomposite films exhibited excellent thermoelectric properties. The Seebeck
coefficient, electrical conductivity, and power factor of the nanocomposite films were 97 + 11
MV K?, 345 + 88 S cm™, and 325 + 101 pW m™K™, respectively, at room temperature. We
fabricated the flexible OTEG solely from p-type CNT/P3HT nanocomposite patterns spray-

printed on a polyimide substrate, and confirmed its electric power generation capabilities.

Main text

Thermoelectric materials have been studied extensively as clean energy-conversion materials.
The performance of thermoelectric materials can be assessed by the figure of merit, ZT =
S%Tlk, where S, o, T, and « are the Seebeck coefficient, the electrical conductivity, the
absolute temperature, and the thermal conductivity, respectively. As an alternative to the
figure of merit, the power factor, S%, is occasionally used because precise measurement of
the in-plane thermal conductivity of a film on a substrate is difficult. Recently, organic
thermoelectric materials have attracted much attention because of their potential for use in
flexible, light weight, and low-cost printed organic thermoelectric generators (OTEGs)."™*” Of
the various organic thermoelectric materials currently available, films of conjugated polymers
such as poly(3,4-ethylenedioxythiophene) (PEDOT), polyaniline (PANI) and poly(3-
hexylthiophene) (P3HT) have been the most widely studied. However, the thermoelectric

performance of conjugated polymer films needs to be further improved for application to
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OTEGs. Recently, researchers have found that carbon nanotubes (CNTs) are effective fillers
for enhancing the thermoelectric performance of conjugated polymer matrices.>’ Grunlan et
al. reported that vacuum-filtrated single-walled CNT/PEDOT:poly(styrene sulfonate) (PSS)
nanocomposite films exhibited power factors of up to 140 pW m™K™? at room temperature.’
Miuiller et al. reported that drop-cast single-walled CNT/P3HT nanocomposite films exhibited
power factors of 95 + 12 uW m™K at room temperature.* Chen et al. reported that drop-cast
single-walled CNT/PANI nanocomposite films exhibited power factors of up to 176 pyW m’
'K2 at room temperature.’> Yu et al. reported that drop-cast double-walled CNT/PANI
nanocomposite films exhibited power factors of ~220 uW m™K™ at room temperature.® In
another work, we reported that wire-bar-coated single-walled CNT/P3HT nanocomposite
films exhibited power factors of 267 + 38 uW m™K™ at room temperature.” Thermoelectric
CNT/conjugated polymer nanocomposite films have been fabricated by solution-processing
methods, such as drop-casting and bar-coating. However, such solution-processing techniques
are not suitable for application to low-cost printed OTEGs, because additional processes are
required for creating patterned organic thermoelectric materials on the substrates. Post-
patterning processes are not compatible with continuous processes such as roll-to-roll
printing; thus, research efforts are needed on the forming of the patterns of organic
thermoelectric materials directly onto their substrates. For all their importance, there is a lack

of research on printed thermoelectric CNT/conjugated polymer nanocomposites.

In this study, we report the high-performance characteristics of thermoelectric CNT/P3HT
nanocomposite films created by the spray-printing process, and demonstrate the fabrication of
a spray-printed flexible CNT/P3HT OTEG. Spray-printed CNT/P3HT nanocomposite films
exhibited average power factors of 325 pW m™K? which is the highest value of all

thermoelectric CNT/conjugated polymers. We fabricated the flexible OTEG solely from p-
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type CNT/P3HT nanocomposite patterns spray-printed on a polyimide substrate, and
confirmed the electric power generation capabilities of the OTEG. To the best of our
knowledge, spray-printed organic thermoelectric films and OTEGs have not yet been
reported in the literature. Our results suggest that the spray-printing method is a promising

candidate for the fabrication of flexible, light weight, and low-cost printed OTEGs.

To prepare the ink for thermoelectric CNT/P3HT nanocomposite films, a mixture of few-
walled CNTs and P3HT in chloroform was sonicated in an ice bath. We used undoped P3HT
with an electrical conductivity of ~10°Scm™. Only the absorbance for the neutral form (Amax
= 520 nm) was observed, and the absorbance for the oxidized form (Amax = 800 nm) was not
observed in the UV-vis spectrum of the P3HT film (Fig. S1). Janéky et al. reported that the
slightly doped P3HT film exhibited electrical conductivity of ~10° S cm™ and power factor
of ~10° uW m™K?2.!® Although the electrical conductivity of P3HT is low for thermoelectric
applications, the use of P3HT is advantageous for dispersion of CNTs. It was previously
reported that the strong n-n interaction between CNT and P3HT leads to well-dispersed CNTs
in a good solvent for P3HT, such as chloroform and o-dichlorobenzene.”"**% Fig. S2 shows
the UV-vis spectra of the CNT/P3HT ink with 50 wt% CNTs, CNT dispersion in chloroform,
and P3HT solution in chloroform. The CNT dispersion showed no characteristic peaks. The
absorbance peak of the P3HT solution at 450 nm is a characteristic peak of unstacked P3HT
chains in the solution.?>#* The absorbance peaks of the CNT/P3HT ink centered at 575 and
620 nm is assigned to the n-r stacked P3HT chains.?®% The red shift indicates 7-x interaction
between CNT and P3HT in the ink. The CNT bundles might be wrapped by the P3HT chains,
resulting in an increase in the dispersion stability of the CNT/P3HT ink. To optimize the
thermoelectric properties of the few-walled CNT/P3HT nanocomposites by varying the

quantity of CNTs, we fabricated the nanocomposite films by drop-casting. While using ink
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with more than 60 wt% CNTs, the drop-cast nanocomposite films were not uniform owing to
the poor dispersion of CNTs in the ink. Thus, we prepared CNT/P3HT nanocomposite films
with 20, 30, 40, and 50 wt% CNTs. The thickness of the CNT/P3HT nanocomposite films
was 1.1 — 1.5 um. No dependence of the film thickness on the quantity of CNTs was found.
The CNT composition-dependent Seebeck coefficient, electrical conductivity, and power
factor of the nanocomposite films were measured, as shown in Fig. 1. The Seebeck
coefficients of the nanocomposite films were measured under dark ambient conditions
utilizing a custom-built system. The Seebeck coefficient was obtained from the slope of the
straight line fit of AV/AT.” The nanocomposite films exhibited positive Seebeck coefficient
values, because of the p-type characteristics of both the CNTs and the P3HT. As the quantity
of CNTs increases, the Seebeck coefficient decreases and the electrical conductivity increases.
The power factor, calculated from the Seebeck coefficient and electrical conductivity,
increases as the quantity of CNTs increases. The increase in the power factor originates from
the large increase in the electrical conductivity of the nanocomposite film. As the quantity of
CNTs increases, the density of the inter-CNT bundle connections in the nanocomposite films
IS expected to increase. The Seebeck coefficient, electrical conductivity, and power factor of
nanocomposite films with 50 wt% CNTs were 102 + 3 pV K™, 224 + 19 S cm™, and 231 + 19
HW m™K? respectively, at room temperature. Because of the limitation in precise
measurement of the in-plane thermal conductivity of a film on a substrate, the thermal
conductivities of the nanocomposite films were not measured. In general, the thermal
conductivity, x, of materials is expressed as a sum of the electronic thermal conductivity, e,
and the lattice thermal conductivity, x| (x = k. + ). Although we cannot estimate the total in-
plane thermal conductivity of the nanocomposite films, it is expected that the lattice thermal
conductivity of the nanocomposite films can be reduced because of the blockage of phonon

transport through interfaces between the nanostructured components.*892%24
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Figs. 2a and 2b show the atomic force microscope (AFM) and scanning electron microscope
(SEM) images of the drop-cast CNT/P3HT nanocomposite film with 50 wt% CNTs. The
network of CNT bundles with diameters in the range of 15 — 50 nm is clearly visible in the
nanocomposite film. Because many P3HT chains are expected to wrap the surface of CNT
bundles, the P3HT matrix cannot be identified individually. Because the electrical
conductivity of CNT bundles is much higher than the polymer matrix, the resistance between
the CNT bundles is a dominant factor in determining the electrical conductivity of the
nanocomposite films.*"?* Kymakis and Amaratunga reported the electrical conduction
mechanism of CNT/non-conductive polymer nanocomposite films.*® The electrical
conduction in single-walled CNT films followed a three-dimensional variable-range hopping
model, while that in the CNT/polymer nanocomposite films with CNT compositions less than
35 wt% obeyed a fluctuation-induced tunneling model.”® The thin non-conductive polymer
layers wrapped on the surface of CNTs may act as a barrier for the inter-CNT hopping. The
electrical conductivities of the CNT/P3HT nanocomposite films with 20, 30, 40, and 50 wt%
CNTs were 8.88 + 0.55, 50.0 + 12.2, 162 + 29, and 224 + 19 S cm™, respectively (Fig. 1b).
The quantity of CNTs significantly affects the electrical conductivity of the nanocomposite
films. As the quantity of CNTs increases, the portion of bare surface of CNTs and the density
of the direct junctions between the CNT bundles may increase. Fig. 2c shows the SEM image
of the fracture surface of the drop-cast CNT/P3HT nanocomposite film with 50 wt% CNTSs.
During the fabrication of the fracture surface of the nanocomposite film in liquid nitrogen,
the CNT bundles were pulled out from the matrix. A number of flexible CNT bundles were
tightly imbedded in the nanocomposite film. Fig. 2d shows the cross-section transmission
electron microscope (TEM) image of the drop-cast CNT/P3HT nanocomposite film with 50
wt% CNTs. The cross-section TEM sample was prepared using an ex situ lift-out technique

with a focused ion beam (FIB). Because of the relatively low electron density of P3HT, the
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morphology of the polymer matrix was not identified. The circular and longitudinal cross-
sections of the CNTs are clearly visible. The CNTs in the nanocomposite film have 2-4

carbon walls. Thus, the CNTs used in this study were identified as few-walled CNTs.

The few-walled CNT/undoped P3HT nanocomposite films exhibited excellent thermoelectric
properties. Recently, we reported that the single-walled CNT/undoped P3HT nanocomposite
films exhibited power factors of 86.6 + 16.2 pW m™K%" Using the few-walled CNT can be
advantageous for obtaining high-performance thermoelectric CNT/conjugated polymers. To
compare the thermoelectric properties of the single-walled and few-walled CNTs, we
fabricated single-walled and few-walled CNT films on nylon membrane filter disks by
vacuum filtration. Because of poor dispersion stabilities, other solution processes cannot be
applied. Figs. S3 and S4 shows the AFM and SEM images of the single-walled and few-
walled CNT films. The diameters of the CNT bundles and film surface roughness of the CNT
films are greater than those of the CNT/P3HT nanocomposite films. The single-walled and
few-walled CNT films had similar Seebeck coefficients, i.e., 47 and 51 uV K™, respectively.
The electrical conductivities of the single-walled and few-walled CNT films were 2136 and
3920 S cm™, respectively. The excellent thermoelectric properties of the few-walled
CNT/P3HT nanocomposite films can be originated from the high electrical conductivity of
the few-walled CNTSs. It was reported that, although the electronic properties of the double-
walled CNTs are very similar to those of single-walled CNTs, the electrical conductivity of
the double-walled CNTs is higher than that of the single-walled CNTs because of the double-
walled CNTs’ 7 conducting channel.?”? In this study, the few-walled CNTs with 2-4 carbon
walls might exhibit similar phenomena as the double-walled CNTs. The higher electrical
conductivity of the few-walled CNTs can also be discussed with the quality of CNTs. Fig. S5

shows the Raman spectra of the single-walled and few-walled CNTs. The D band intensity of
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the few-walled CNTs is much smaller than that of the single-walled CNTs. The very low
intensity of the D band indicates very low densities of defects and dangling bonds in the few-
walled CNTs used in this study. The high quality of few-walled CNTs might be related to

their high electrical conductivity.

We found that CNT/P3HT nanocomposite patterns can be spray-printed with a shadow mask
(Fig. 3a). Recently, spray-printing attracted much attention as a printing method for creating
patterns of active materials in organic electronic and optoelectronic devices.?** Spray-
printing is thought to be a simple, fast, low-cost process for large-area organic devices.
Spray-printed CNT/P3HT nanocomposite films with 50 wt% CNTs were fabricated, and their
thermoelectric properties were evaluated. The thickness of the nanocomposite films was
approximately 1 um. The Seebeck coefficient, electrical conductivity, and power factor of the
spray-printed nanocomposite films with 50 wt% CNTs were 97 + 11 pV K™, 345+ 88 S cm™,
and 325 + 101 pW m™K?, respectively, at room temperature. When compared with the drop-
cast nanocomposite film, the Seebeck coefficient of the spray-printed nanocomposite films
was slightly less and the electrical conductivity of the spray-printed nanocomposite films was
considerably greater, with a large standard deviation (Table 1). This might be related to the
morphology of the nanocomposite films. Figs. 3b and 3c show the AFM and SEM images of
the spray-printed CNT/P3HT nanocomposite film with 50 wt% CNTs. The CNT bundles with
diameters in the range of 15 — 50 nm in the spray-printed nanocomposite film are more
randomly distributed than those in the drop-cast nanocomposite film. The surface root-mean-
square roughness values, calculated from the AFM images of the drop-cast and spray-printed
nanocomposite films with 50 wt% CNTs were 7.6 nm and 15.5 nm, respectively. In the drop-
cast CNT/P3HT nanocomposite film, the CNT bundles were leveled and slightly packed

during slow evaporation of the solvent. Because the electrical conductivity of CNTs is much
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higher than that of P3HT, the density of the inter-CNT bundle connections is a dominant
factor in determining the electrical conductivity of the nanocomposite films. The increased
electrical conductivity of the spray-printed nanocomposite films can be because of the higher

density of the inter-CNT bundle connections.

Since the spray-printed CNT/P3HT nanocomposite films exhibited excellent thermoelectric
properties, a flexible OTEG composed of only p-type CNT/P3HT nanocomposite patterns
spray-printed on a polyimide substrate was fabricated (Fig. 4a). The OTEG’s 41 p-type active
lines, with a width of 1 mm and a length of 15 mm, were connected in series by dispenser-
printed silver electrodes (Fig. S6). Fig. 4b shows the output power-output current and output
voltage-output current curves of the spray-printed flexible OTEG. A temperature difference
of 10 °C was applied between the two sides of the spray-printed CNT/P3HT lines using two
Peltier plates (Fig. S7). The open-circuit voltage, V,, of the OTEG was measured to be 41.8
mV, which is in close agreement with the calculated value (V, = NSAT, where N is the
number of thermoelectric elements) of 39.8 mV. The internal resistance, R;, was 13.5 kQ, and
the maximum output power, Pmax, Was 32.7 nW, which is very close to the calculated value
(Pmax = Vo/(4Ry)) of 32.4 nW. For practical applications of spray-printed CNT/P3HT OTEGs,
device performance still needs to be improved. By optimizing the device structure and
introducing compatible n-type counterparts, the performance of spray-printed OTEGs may be
enhanced. This will be our future research topic. In this study, the electrical power generation

of the spray-printed OTEG was demonstrated for the first time.

In summary, we reported the fabrication of thermoelectric CNT/P3HT nanocomposite films
and a flexible CNT/P3HT OTEG by spray-printing. Within the CNT/P3HT nanocomposite
films, few-walled CNT bundles with diameters in the range of 15 — 50 nm formed an

interconnected network which is thought to be the electrical pathway. The spray-printed



Journal of Materials Chemistry A Page 10 of 17

CNT/P3HT nanocomposite films exhibited excellent thermoelectric properties. The Seebeck
coefficient, electrical conductivity, and power factor of the nanocomposite films were 97 £ 11
MV K?, 345 + 88 S cm™, and 325 + 101 pW m™K™, respectively. We fabricated a printed
flexible OTEG, composed of the pray-printed p-type CNT/P3HT nanocomposite lines and
dispenser-printed silver electrode lines, on a polyimide substrate. The electric power
generation capability of the OTEG was demonstrated, with a maximum output power of 32.7
nW. Our results suggest that spray-printed thermoelectric organics are promising candidates

for flexible, light weight, and low-cost printed OTEGs.
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Figures and Table
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Fig. 1 Dependence of the (a) Seebeck coefficient, (b) electrical conductivity, and (c) power

factor on the quantity of CNTs in drop-cast CNT/P3HT nanocomposite films.
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Height

Fig. 2 (a) AFM, (b) SEM, (c) fracture-surface SEM, and (d) cross-section TEM images of the

drop-cast CNT/P3HT nanocomposite films with 50 wt% CNTSs.
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Fig. 3 (a) Schematic drawing of the spray-printing process, and (b) AFM and (c) SEM images

of spray-printed CNT/P3HT nanocomposite films with 50 wt% CNTs.
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Fig. 4 (a) Photograph and (b) output power-output current and output voltage-output current

curves of the spray-printed flexible CNT/P3HT OTEG.

Table 1 Thermoelectric properties of drop-cast and spray-printed CNT/P3HT films with 50

wt% CNTs

Coating method  Seebeck coefficient Electrical conductivity Power factor

[HV K] [S cm™] [HW m*K?]
Drop-casting 102 +3 224 £ 19 231+£19
Spray-printing 97 +11 345 + 88 325+101
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We report the fabrication of high-performance thermoelectric carbon nanotube/poly(3-

hexylthiophene) (CNT/P3HT) nanocomposite films and flexible CNT/P3HT organic

thermoelectric generators by spray-printing.
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