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ABSTRACT: Thermoelectric textiles that are able to generate electricity from heat
gradients may find use as power sources for a wide range of miniature wearable electronics.
To realize such thermoelectric textiles, both p- and n-type yarns are needed. The realization
of air-stable and flexible n-type yarns, i.e., conducting yarns where electrons are the majority
charge carriers, presents a considerable challenge due to the scarcity of air-stable n-doped
organic materials. Here, we realize such n-type yarns by coating commercial sewing threads
with a nanocomposite of multiwalled carbon nanotubes (MWNTs) and poly(N-
vinylpyrrolidone) (PVP). Our n-type yarns have a bulk conductivity of 1 S cm™ and a
Seebeck coefficient of —14 4V K™!, which is stable for several months at ambient
conditions. We combine our coated n-type yarns with poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) dyed silk yarns, constitut-
ing the p-type component, to realize a textile thermoelectric module with 38 n/p elements,
which are capable of producing an open-circuit voltage of 143 mV when exposed to a
temperature gradient of 116 °C and a maximum power output of 7.1 nW at a temperature

gradient of 80 °C.

KEYWORDS: organic thermoelectrics, carbon nanotubes, polymer nanocomposite, n-type conducting yarn, electronic textile

B INTRODUCTION

Textiles are an intriguing platform for flexible electronics that
may find use for a wide range of applications such as interactive
garments for medical care and functional fabrics for climate
control. To expand the reach of electronic textiles (e-textiles), it
is desirable to develop truly autonomous systems that are able
to generate power in situ and hence do not rely on batteries. A
variety of power generating textiles that use the photo-
voltaic,'™* piezoelectric,s’6 triboelectric,”” ™ or thermoelectric
effect'’™"* have been developed. We here focus on thermo-
electric textiles, which would allow us to harvest electricity from
temperature gradients such as the difference between a wearer’s
body temperature and the (typically colder) surroundings.
Alternatively, such textiles could be used for on-the-spot
cooling, e.g., when incorporated into sportswear, office chairs,
or car seats.

To construct thermoelectric textiles from the bottom up, as a
first step it is necessary to develop electrically conducting fibers
or yarns.'* We argue that truly scalable solutions demand the
use of organic materials, including polymers and carbon
allotropes, which readily allow to adjust the mechanical and
electrical properties of the conducting yarns, and currently
receive renewed attention as thermoelectric materials.">~"
Suitable conducting yarns can then be incorporated into various
textile architectures via weaving, knitting or stitching to form
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the basic unit of a thermoelectric generator: the thermoelectric
leg.

When exposed to a temperature gradient, AT = Ty, — Tqg,
a single thermoelectric leg generates an electrical potential AV
whose magnitude depends on the so-called Seebeck coefficient
a, a material specific parameter, according to

AV = —qAT (1)

A thermoelectric material can be either p- or n-type, i.e., their
majority charge carriers are either holes or electrons, giving rise
to a positive (ap > 0) or negative (@, < 0) Seebeck coefficient.
The generated electrical potential of a single leg is typically on
the order of microvolts to millivolts, which is too small to be of
practical use; most electronic components require at least one
volt to operate. Therefore, it is necessary to connect many legs
electrically in series but thermally in parallel, in order to create a
configuration where individual thermovoltages add up to a
sufficiently large output voltage. Pairs of adjacent legs form a
thermoelectric element and the output voltage of the complete
thermoelectric generator is given by

AV = N(a; — a,)AT (2)
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where N is the total number of elements, and a; and @, are the
Seebeck coefficients of the two legs of each element (Figure 1).

Hot

Cold

Figure 1. Schematic of a single thermoelectric element, and a row of N
elements thermally connected in parallel and electrically connected in
series.

Ideally, an element comprises a p-type and a n-type leg so that
individual voltages add, i.e, @; = @, and a, = @, are of opposing
sign. Therefore, to construct thermoelectric textiles both p-type
and n-type yarns are needed.

A few examrples of organic p-type yarns or textiles have been
reported.'”">"™'? For instance, we have prepared p-type yarns
by dyeing silk from the silkworm Bombyx mori with the
conjugated polymer:polyelectrolyte complex poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS)."” The resulting conducting yarns featured a bulk
electrical conductivity of 14 S cm™ and a Seebeck coefficient of
+15 uV K7, as well as excellent wash and wear resistance. In
contrast, to date, reports on n-type fibers and yarns based on
organic semiconductors are rare, which we ascribe to the lack of
air-stable n-type organic semiconductors. A notable exception is
the work by Ito et al., who demonstrated fibers with switchable
n- and p-type behavior via selective n-doping of wet-spun
carbon nanotube fibers with 1-butyl-3-methylimidazolium
hexafluorophosphate.”’ In the absence of readily available n-
type fibers we, as well as others,'”'*'®*"** have explored the
construction of prototype thermoelectric modules by electri-
cally shorting p-type legs, e.g. comprised of PEDOT:PSS dyed
silk,"* with metal (e.g,, silver) films or wires. Silver features a
positive but small Seebeck coefficient of +1.5 uV K™', which
according to eq 2 results in devices with a slightly reduced
thermovoltage of AV = N(15 VvV K™' — 1.5 uv K7') AT.
Evidently, to further enhance the prospect of thermoelectric
textiles it will be important to develop n-type yarns.

Here, we demonstrate air-stable organic n-type yarns that we
fabricate by coating commercial poly(ethylene terephthalate)
(PET) sewing threads with a nanocomposite of multiwalled
carbon nanotubes (MWNTs) and poly(N-vinylpyrrolidone)
(PVP). We chose to work with this type of nanocomposite
inspired by the recent work of Sarabia-Riquelme et al, who
reported that MWNT:PVP nanocomposites readily display air-
stable n-type behavior.”’ Besides PVP, a number of other
polymers such as poly(ethylenimine) (PEI),***° pol;r(vinyl
alcohol) (PVA),* poly(vinylidene fluoride) (PVDF),”" poly-
(ethylene glycol) (PEG),”® and poly(3-hexylthiophene)
(P3HT)” have been found to change the type of majority
charge carriers of (oxygen doped) carbon nanotubes from holes
to electrons, resulting in a negative Seebeck coefficient. A
further attractive feature of the nanocomposite approach is that,
as a surrounding polymer matrix has been shown to mitigate
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30,31 .
the release of carbon nanofillers,””*" the use of a composite

rather than neat CNTs as a coating should reduce exposure to
the potentially toxic CNTs. To further improve the wear and
water resistance of our coated yarns, we equipped them with an
outer layer of a polystyrene-b-polyisoprene-b-polystyrene block
copolymer (SIS). Our coated PET yarns feature an air-stable
and negative Seebeck coefficient of —14 xV K™' and a bulk
conductivity of about 1 S cm™. To showcase the properties of
the here developed n-type yarns, we demonstrate an all-organic
thermoelectric textile consisting of 38 embroidered elements
with an output voltage of 143 mV for a AT &~ 116 °C.

B RESULTS AND DISCUSSION

To realize conducting n-type yarns, we chose to work with a
MWNT:PVP nanocomposite that is known to feature a
negative Seebeck coefficient.”> PET yarns consisting of about
100 filaments were coated with the MWNT:PVP nano-
composite using a three-step coating process (Figure 2), similar
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Figure 2. Schematic representation of the three step coating process of
PET yarn with (1) PVP adhesion layer, (2) MWNT:PVP conducting
layer, and (3) outer SIS protection layer; chemical structures of PET,
PVP, and SIS.

to the method presented by Steven et al** To improve the

wetting of the MWNT:PVP solution on the PET yarn, we first
coated the pristine yarn with an adhesion layer using a highly
concentrated PVP solution (500 g L™") (see Figure S1 and
Experimental Section for details). This PVP coating consid-
erably improved the adhesion of the subsequent conducting
layer, which we applied by coating with a 150 g L™ aqueous
solution of 1:4 MWNT:PVP by weight. We chose to work with
a highly concentrated solution in order to obtain a sufficiently
high solution viscosity, which was needed for coating of PET
yarns. We also explored the addition of 1 g L™ of PEI, which
has been found to result in a more negative Seebeck
coefficient.”® Finally, we applied an elastomeric protection
layer consisting of SIS, which afforded a two-way protection of
the yarn from abrasion and damage, as well as the user from
possible carbon nanotube exposure. Optical microscopy and
scanning electron microscopy (SEM) images both suggest that
the PVP and MWNT:PVP coatings penetrate the yarn and to
some extent coat the individual PET fibers, thus retaining the
surface topography of the yarn (Figure 3a, b, d). The SIS
coating layer, finally, wraps the outside of the yarn resulting in a
smooth and continuous appearance (Figure 3c—e and Figure
S2).
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MWNT:PVP

Figure 3. Optical microscopy images of: (a) neat PET yarn; (b) PET yarn coated with a PVP adhesion layer and MWNT:PVP conducting layer; (c)
PET yarn coated with PVP, MWNT:PVP, and a SIS protection layer (d) SEM image of the cross-section of a cut PET yarn coated with PVP,
MWNT:PVP, and SIS ; and (e) SEM image, close up of the same yarn showing the individual PET fibers embedded in the MWNT:PVP coating,
surrounded by the outermost SIS coating.; and (e) SEM image, close up of the same yarn showing the individual PET fibers embedded in the

MWNT:PVP coating, surrounded by the outermost SIS coating.

The thermoelectric properties of the here prepared n-type
yarns notably improve during the first 4 days after coating,
which we attribute to further drying of the coating formulation,
whereafter both the Seebeck coeflicient and the electrical
conductivity level out (Figure 4). Four days after coating the
yarns featured a bulk electrical conductivity of 6, &% 1 S cm™
and a Seebeck coefficient of a,, &~ —14 iV K™ (Table 1), which
translates into a thermoelectric power factor of a2c, ~ 107 yW
m™' K2 We do not observe a significant difference in
thermoelectric properties when adding PEI to the conducting
layer (cf. Table 1). Remarkably, the yarns display stable n-type
behavior for at least six months under ambient conditions
(from —11 to —15 uV K™'). Analysis of the weight increase
after each coating step suggests that 36% of the coated yarn is
composed of the PVP adhesion layer, 18% is the MWNT:PVP
nanocomposite layer, and 8% is the SIS protection layer.
Taking into account that only the MWNT:PVP layer
contributes to the electrical conductivity of the composite
fiber, we can estimate that the conductivity of the MWNT:PVP
composite amounts to approximately 5 S cm™!. We measured
very similar values for drop cast films of MWNT:PVP,
indicating that the yarn geometry does not negatively affect
the thermoelectric properties (see Table S1).

In a further set of experiments, we studied the mechanical
properties of the here prepared n-type yarns. We find that the
coating process does not appear to influence the mechanical
properties of the PET yarns. Both neat and coated yarns display
a similar Young’s modulus E &~ 3 GPa (Table 1). We conclude
that the load bearing part of the n-type yarns is the
nonconducting PET multifilament core. The mechanical
robustness of yarns is paramount for both many textile
manufacturing processes as well as for later wear resistance of
the finished fabric. We therefore subjected n-type yarns to
multiple bending cycles using an in-house designed LEGO
setup (Figure Sa). We observe that the electrical resistance
gradually increases with the number of bending cycles. Both n-
type yarns without and with the outer SIS protection layer tend
to display an about 1 order of magnitude increase in resistance

2936

after 1000 bending cycles (Figure Sb). We therefore conclude
that one-oft bending of the yarns during textile manufacturing is
unlikely to drastically reduce the thermoelectric properties.
However, in their current form the use of these yarns is only
recommended in textiles where they are not subjected to
repeated bending during manufacture and use. For instance, the
yarns can be used for stitching and hand weaving, while knitted
structures are not suitable.'* Moreover, the bending stability
needs to be improved before the yarns can be expected to
withstand machine-washing.

Besides a promising stability of the electrical and mechanical
properties, we would like to highlight the water resistance of
the here studied n-type yarns. The SIS outer protection layer is
water repellent and can be thought of as a cable insulation with
the PET yarn plus MWNT:PVP shell being the conducting
core. We measured the electrical resistance of a fully coated
yarn before, during and after submersion in water, and observed
no notable increase in overall resistance (Figure Sc). Evidently,
our n-type yarns are sufficiently inert to be used under practical
conditions, i.e., in a textile that comes in contact with water.

We went on to construct prototype thermoelectric modules
with MWNT:PVP n-type yarns in order to explore their
suitability for e-textile applications. For the p-type yarns we
used PEDOT:PSS dyed silk, which we have reported
previously.”> As compared to the here developed n-type
yarns, our p-type yarns display a similar absolute but positive
Seebeck coefficient of o, + 14 uV K' but 1 order of
magnitude higher electrical conductivity of o, & 15 S cm™!, We
stitched the conducting yarns onto wool swatches, using couch
stitch. Initially, we fabricated a small in-plane device that
consisted of four n/p elements with a total internal resistance of
R, = 34 kQ. In order to reduce R, we used 11 n-type and two
p-type yarns, respectively (Figure 6a). We connected individual
7 cm long legs with flexible silver paste over a length of 1 cm at
both ends. We then placed one end of the device on a hot plate
(Thot < 105 °C) and the other end on a cold plate (T4 & 25
°C) to establish a temperature gradient of AT < 80 °C as
measured with two thermocouples. The output voltage of the

~
~
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Figure 4. Aging of the thermoelectric properties of MWNT:PVP
coated PET yarns under ambient conditions: (a) Seebeck coefficient
(ap & =11 uV K'), (b) conductivity (6, = 0.5 S cm™), and (c)
power factor a’c (open squares;, MWNT:PVP, blue triangles,
MWNT:PVP:PEI). Note that although the conductivity in b
apparently increases over time, the observed change lies within the
error of the measurement, see Table 1.

~

device increased linearly with AT and reached a value of V, ~
8 mV for AT = 80 °C (Figure 6b). We can estimate the relative
output voltage per temperature difference V, /AT = N(ap -

10* pr—rrem—rrem—r

—rrrrem
a b r=6mm
—) = A o
10°F E
bendin J0°E 3
9 g
) *
. * .. 4
iy B O
e
C *
6© J* *
PRETTIT B R ETTT BTN TTTT MR ETY
10' 10° 10° 10*

bending cycle

AﬁA» "ji;f.ore wet_t;;lg s I Me'; — - !

Figure 5. (a) Schematic diagram of the bending test performed with a
LEGO setup; (b) resistance R of ~7 cm long yarns bent repeatedly
along with a PET foil support (different symbols denote different yarn
samples, filled and empty symbols represent fibers with and without
SIS coating, respectively); (c) photographs of resistance measurements
of MWNT:PVP + SIS coated PET yarn before water submersion (top
left), during water submersion (bottom left and bottom right) and
after submersion (top right).

a,) ~ 116 uV K according to eq 2, which is in good
agreement with the experimentally obtained value of 104 yuV
K™ that corresponds to the slope in Figure 6b. We also
determined the maximum power output of the device at AT ~

Table 1. Mechanical and Electrical Properties of PET Yarns Precoated with PVP, then Coated with MWNT:PVP, and Finally
SIS: Stress at Break S, Strain at Break €, Young’s Modulus E, Electrical Conductivity ¢, of the Bulk Fiber, Seebeck Coeflicient

a,, Number of Samples Measured, n“

mechanical properties

electrical properties

yarn polymer matrix protective coating S, (MPa) &, (%)
PET 375 + 18 37+8
PVP c c
PVP SIS 356 + 48 26 + 6
PVP:PEI N <
PVP:PEI SIS 386 + 14 32+2

E (GPa) n 6, (S cm™) n a, (uV K1) n
27 + 04 3 b b

< 0.8 £ 0.2 S —-12+1 3
3.6+ 1.0 S 0.8 + 0.2 S -14 +1 3
< 1.0 £ 0.3 9 -14 +1 3
2.8 + 0.8 S 0.7 £ 0.2 S -15+1 3

“All measurements were made 4 days after fabrication. bNonconducting. “Too delicate coating for tensile drawing.
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Figure 6. (a) In-plane embroidered textile thermoelectric device with 4 n/p elements, comprised of n-type coated PET yarns (11 yarns per leg), p-
type dyed silk yarns (2 yarns per leg) and silver paste for contacts; (b) electrical measurements of the module with measured output voltage V,,, as a

out

function of AT (red line), and calculated according to eq 2 (dotted line), as well as power output P = VI as a function of measured current I for

AT =~ 80 °C.
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Figure 7. (a) All-organic in-plane embroidered textile thermoelectric device with 38 n/p elements—constructed with n-type coated PET yarns (3
yarns per leg), p-type dyed silk yarns (1 yarn per leg) and a conducting carbon-based paste for electrical connections— and suspended between a hot
and cold plate, with two adhesive thermocouples on top; (b) electrical measurements of the module with measured output voltage V, as a function
of AT (red line), and calculated according to eq 2 (dotted line), as well as power output P = VI as a function of measured current I for AT =~ 80

out

°C; (c) thermal image of the module, placed as in a, with T, & 82 °C and T4 & 26 °C (note that in the image the bare hot plate appears to be
cold, due to the relatively low emissivity of aluminum); (d) temperature gradient across the textile device (see dashed line in c), Ty and Toq
measured with thermocouples (red box = hot plate; blue box = cold plate).

80 °C for a variety of load currents. We obtain a maximum yielding P, & 0.49 nW, which is in near agreement with the
power output of P, & 0.65 nW. The maximum power output experimentally obtained value.

can be calculated according to

2
Pmax = Vout/4Rin

Finally, we prepared a scaled up thermoelectric textile
module with 38 elements (Figure 7a), this time with 4 cm long

©) legs. We designed this all-organic module to be more compact
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and space efficient, and used 3 yarns per n-type leg and 1 yarn
per p-type leg, which is close to the ratio required to maximize
the power that is generated by a module with a certain total
area and area coverage (see the Supporting Information). The
whole n-type yarn was coated with SIS, with the ends cut to
reveal the conducting coating. The exposed ends were
connected to the p-type yarn with a commercial carbon-
containing conducting paste developed for textile coatings.
Conducting silk yarn, together with a small amount of the
conducting paste, was used as the connections to the testing
setup. Then, one side of the textile module was placed on a hot
plate and the other side on a cold plate (cf. Figure 7a). We
applied a temperature difference of up to AT ~ 116 °C to
achieve an open circuit voltage of V, & 143 mV, or V,,/AT ~
123 mV K, which corresponds to about 32 uV K™ per
element (Figure 7b). The experimentally observed value
slightly surpasses the predicted value of V, /AT =~ 1.10 mV
K" (cf. eq 2). Finally, we determined the power for a range of
load currents while holding the device at a temperature
difference AT =~ 80 °C. We measured a value of P, ~ 7.1 nW,
which is in in good agreement with the predicted value of P,
=~ 7.4 nW, calculated from an internal resistance of R, ~ 334
kQ (cf. eq 3). Thermal imaging revealed that a distinct
temperature gradient is established parallel to the legs (Figure
7c). Assuming a thermal emissivity of 0.95 we could extract the
shape of the temperature gradient across the device (Figure
7d). We find that with increasing distance from the hot plate
the temperature first sharply decreases with ~6 °C mm™" and
after 5 mm with ~1 °C mm™}, reaching a close to constant
value at the edge of the cold plate.

B CONCLUSIONS

In conclusion, we have created n-type yarns by coating PET
yarns with a nanocomposite of multiwalled carbon nanotubes
and poly(N-vinylpyrrolidone). We used a layer of PVP to
enhance adhesion of the conducting coating and improved the
abrasion resistance by applying a protective coating consisting
of a polystyrene-b-polyisoprene-b-polystyrene block copolymer.
The n-type yarns displayed a sufficient degree of resilience to
bending to permit stitching. We fabricated textile based
thermoelectric modules that comprised MWNT:PVP coated
n-type yarns and PEDOT:PSS dyed p-type yarns. An all-
organic thermoelectric textile with 38 n/p elements generated
an output voltage of 143 mV when applying a temperature
gradient of 116 °C, and a maximum power output of 7.1 nW at
a temperature gradient of 80 °C. We anticipate that further
improvement of n-type fibers and yarns in terms of electrical
conductivity as well as wash and wear resistance will open up
for the design of truly robust e-textiles with a wide range of
functionalities.

B METHODS

Materials. Commercial polyethylene terephthalate sewing threads
were used without modification/pretreatment (@ ~ 0.19 mm).
Poly(N-vinylpyrrolidone) was purchased from Polysciences (M,, ~ 40
kg mol™'). Aligned multiwalled carbon nanotubes were CVD
synthesized according to a previously published procedure.”> The
particular MWNT's used here stemmed from a continuous and scaled-
up version of this process at the University of Kentucky, Center for
Applied Energy Research.**** Polyethylenimine (branched, M,, ~ 25
kg mol™"), polystyrene-b-polyisoprene-b-polystyrene (styrene content
22 wt %), dimethyl sulfoxide (DMSO) and toluene were purchased
from Sigma-Aldrich and used as received. Silver paint was purchased
from Agar Scientificc UK. For the small thermoelectric module,
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stretchable silver paste (PE872 Conductor paste, DuPont, UK) was
used. After application the silver paste was dried at room temperature
for 1 h, then cured at 100 °C for 10 min. Carbon-containing paste
(TUBICOAT ELC, CHT, Germany) was used for the large module,
dried at 80 °C for 12 min then cured at 140 °C for 2 min.

Sample Preparation. MWNTs and PVP (ratio 1:4) were added
to deionized water with final concentrations of 30 and 120 g L™/,
respectively. Optionally, PEI (0.05 wt % with regard to MWNTSs) was
added using a 1 g L™' PEI solution to make up final concentrations
stated. The carbon nanotube based solutions were ice bath sonicated
for ~40 min (power = 175 W; Ultrasonik, NEY, USA), followed by 30
min active time probe sonication in pulse mode (S s on, S s off, 20%
amplitude, maximum power = 500 W; Sonics and Materials Inc.,
USA). PET yarns were coated twice with PVP solution (500 g L™") —
to allow the PET to be wetted by MWNT:PVP solution— by dripping
the solution down vertically hanging yarns, squeezing the yarn with
(lab glove protected) fingers and running down the yarn to remove
excess, and drying 30 min after each coating. The PVP coated PET
yarns were coated by (lab glove protected) hand, with MWNT:PVP
(or MWNT:PVP:PEI) solutions 7 times, with 10 min drying time after
each layer. SIS copolymer in toluene (100 g L™") was dripped twice
along the coated PET yarn and yarn and excess polymer was carefully
removed. PEDOT:PSS silk yarns were prepared according to a
previously published procedure,"> using PEDOT:PSS aqueous
dispersion from Heraeus, Germany to which 5 vol % DMSO was
added.

Light Microscopy. Light microscopy was carried out in bright field
reflected light mode with a Carl Zeiss Al optical microscope.

Scanning Electron Microscopy. SEM images were taken with a
Leo Ultra 55 SEM equipped with a field emission gun (LEO Electron
Microscopy Group, Germany), utilizing the secondary electron
detector. The acceleration voltage was 3 kV. Samples were frozen in
liquid nitrogen prior to being cut with a scalpel, after which they were
sputtered with palladium.

Mechanical Characterization. Tensile testing of 5 cm long yarns
was carried out with an Instron tensile tester (model 5565A) at a
cross-head speed of 10 mm min™".

Electrical Characterization. The electrical resistivity of drop-cast
films with a thickness of ~0.3 mm was determined with a four-point
probe setup from Jandel Engineering (cylindrical probe head,
RM3000) using collinear tungsten carbide electrodes with 1 mm
spacing. The electrical resistance of yarns was determined with a
Keithley 2400 sourcemeter in two-point-probe configuration by
contacting several ~1 cm long segments with silver paint (see Table
1 for number of measured segments, n). The Seebeck coeflicient of ~§
mm long segments was measured at 300 K with an SB1000 instrument
equipped with a K2000 temperature controller from MMR
Technologies using a thermal load of about 1-2 K and a constantan
wire as an internal reference. Samples were mounted with silver paint.
The resistance of yarns supported by PET films, during cyclic bending
of radius ~6 mm, was measured with a Keithley 2400 sourcemeter
using an in-house designed setup constructed with leg godt (LEGO).
The thermoelectric modules were characterized utilizing a Keithley
2400 sourcemeter to measure voltage while—when characterizing
generated power— simultaneously acting as a variable load by sinking
current from the textile module. The modules were placed with one
end on top of a programmable hot plate (Torrey Pines Scientific) and
the other on an aluminum plate, which was held at room temperature.
Two K type adhesive thermocouples (Omega Engineering) were
placed on top of the wool fabric on the hot and cold sides, respectively.

Thermal Imaging. Thermal images were taken with a FLIR
A645sc thermal camera and the thermal gradient graphs were derived
using the accompanying software (ResearchIR 4).
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