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Aerosol-jet printing allows functional materials to be printed from inks with a wide
range of viscosities and constituent particle sizes onto various substrates, including
the printing of organic thermoelectric materials on flexible substrates for low-grade
thermal energy harvesting. However, these materials typically suffer from relatively
poor thermoelectric performance, compared to traditional inorganic counterparts, due
to their low Seebeck coefficient, S, and electrical conductivity, o. Here, we demon-
strate a modified aerosol-jet printing technique that can simultaneously incorporate
well-dispersed high-S Sb,Tes nanoflakes and high-o- multi-walled carbon nanotubes
(MWCNTs) providing good inter-particle connectivity to significantly enhance the
thermoelectric performance of poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate structures on flexible polyimide substrates. A nominal loading fraction of
85 wt. % yielded a power factor of ~41 yW/mK?, which is among the highest for
printed organic-based structures. Rigorous flexing and fatigue tests were performed
to confirm the robustness and stability of these aerosol-jet printed MWCNT-based
thermoelectric nanocomposites. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5043547

Waste heat is generated from many different processes, such as heat from chemical reactions
in various industrial activities, moving parts in machineries, combustion of fossil fuels in automo-
biles, and metallurgical processes, to name a few.":> Even an average adult human body dissipates
~100 W of heat to the surroundings.® Therefore, there is tremendous interest in developing efficient
thermoelectric materials, which can convert heat into electricity via the Seebeck effect, to harvest
waste heat. However, suitable thermoelectric materials that are cost-effective and that can efficiently
convert low-grade heat into electricity are rare, and there exist associated difficulties with process-
ing these into easily adaptable, conformable, and/or flexible thermoelectric energy harvesters.'3=
For example, inorganic materials such as tellurides of bismuth and antimony have been found to be
suitable particularly for room-temperature applications, but the scarcity and difficulty of processing
these materials make them very expensive and, in certain cases, even unsuitable.*>!? Since the 1990s,
research in thermoelectrics has thrived through the discovery of new and efficient materials compo-
sitions and also through the boost in thermoelectric performance achieved through nanostructuring
of materials.*>1-12 At the same time, the explosive growth witnessed by the Internet of Things,
including the wearable industry, has brought about new challenges in providing self-powered solu-
tions that can be easily integrated and that are conformable, light, and flexible. For example, wearable
thermoelectric generators can be used as energy sources for low-power sensor applications if they
are implanted in clothing or worn as patches which cover typically hotter regions of the body such
as the forehead and chest.>'> For thermoelectric generators which are to be “worn,” an important
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technological challenge is making them light-weight and flexible for ergonomic convenience. There-
fore, organic materials such as conducting polymers and carbon nanotubes have been studied in great
detail in recent years.'*!8 In addition, there have been great advances in polymer processing tech-
niques, which make the large-scale production of these materials possible. However, compared to
their inorganic counterparts, organic materials possess relatively poor thermoelectric energy conver-
sion efficiency.'®~'® In this regard, organic-inorganic composites have been shown to overcome some
of the difficulties associated with single-phase thermoelectric materials,'"'®!° and the ability to print
these onto flexible substrates is a particularly attractive feature.’ Insertion of inorganic nanoparticles
into an organic matrix has been shown to have the effect of increasing the Seebeck coefficient, S, and
the overall power factor (PF = § 2o, where S is the Seebeck coefficient and o is the electrical con-
ductivity). However, introducing inorganic nanoparticles into a conducting organic matrix can also
lower the overall conductivity due to poor connectivity between the particles,” which is a problem
that needs to be overcome in order to achieve even better thermoelectric performance.

In the literature, carbon-based materials, such as graphite and carbon nanotubes (CNTs),
have been reported to possess excellent o and superior tensile strength when integrated into
a composite structure. For example, CNTs can be incorporated with conjugated polymers,
e.g., poly(3-hexylthiophene) (P3HT)?° or poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS)!#21:22 to enhance the overall electrical conductivity. Additionally, the formation of
numerous tube—tube connections and CNT-polymer interfaces can significantly scatter phonons and
result in lower thermal conductivity «'#?* and thus higher thermoelectric figure-of-merit ZT' defined
as S20T/k, at temperature T. However, directly printing these materials can be very tricky because
of the challenges involved in the ink preparation, such as functionalising the dispersed particles or
nanotubes to form a stable suspension, achieving uniform particle size distribution, and tuning their
viscosity for smooth printing using the desired printing technique.'**?> We show here that aerosol-
jet printing can serve to mitigate most of these critical problems. As compared to contemporary
printing techniques such as screen printing,?%->® ink-jet printing,?*-° spin-coating,'”-3! and dispenser
printing,’? aerosol-jet printing offers distinct advantages in terms of the possibility of using inks
with a very wide range of viscosities.’® The acceptable particle size can be much larger and less
uniform in comparison with other printing techniques such as inkjet printing, which requires very
fine feature sizes. Since aerosol-jet printing is an additive manufacturing technique, micropatterning
or elaborate lithography techniques are not needed, leading to more efficient usage of materials and
flexibility in the device design. Moreover, we show that it is feasible to print composite materials
by in situ mixing of two different inks through two different atomisers in the aerosol-jet printer
setup, namely, ultrasonic and pneumatic atomisers, by which the composition can be easily varied
and controlled, as previously reported.®3* In the current work, commercially procured multi-walled
carbon nanotubes (MWCNTs) were introduced for the first time into aerosol-jet printed thermoelec-
tric nanocomposites by dispersing these in water along with in-house solvothermally synthesised
Sb,Tes nanoflakes,” followed by atomisation (i.e., formation of an aerosol of the mixture) via the
pneumatic atomiser through capillary action-assisted spraying. Separately a PEDOT:PSS ink was
atomised via the ultrasonic atomiser by ultrasonic agitation, and the two different atomised aerosols
were mixed in situ within a customised Y-shaped junction in the desired proportions.®*3 The mixed
aerosol droplets were further carried by N, gas to the deposition head and then deposited onto the
polyimide substrate for nanocomposite printing, as described in detail in supplementary material S1
and S2.

As reported in previous studies, sodium dodecyl sulphate (SDS) and polyvinylpyrrolidone (PVP)
have been mostly used as surfactants and/or binders to disperse and stabilise CNT bundles homoge-
nously within water and also to prevent them from agglomeration, which facilitates the formation
of 3D connected networks with enhanced electrical Conductivity.34‘36 In our work, these two surfac-
tants were tested during the printing of MWCNTs. However, it was found that adding SDS surfactant
(0.1 wt. %) caused the generation of bubbles within the atomiser chamber during the atomisation
process, which had a detrimental influence on the ink atomisation and the subsequent printing
process. Adding the PVP surfactant, on the other hand, was found to have little effect on the atom-
isation and printing processes. In addition, the ink atomisation process in the aerosol-jet printing
setup itself entailed vigorous stirring and sonication which helped to improve the homogeneous
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dispersion of MWCNTs. Therefore, only a very small amount of PVP surfactant (0.5 wt. %) was added
here. Figure 1(a) shows the scanning electron microscope (SEM) image of representative printed
MWCNTs-PEDOT:PSS nanocomposite lines by aerosol-jet printing, where the printing quality was
found to be excellent with well-defined and smooth edges and surfaces, very minimal overspray, and an
average line width of ~200 um. A crack was formed by fracturing the printed nanocomposite to reveal
more details inside the nanocomposite, as can be clearly seen in Fig. 1(b). Through the fracture surface,
it can been seen that densely populated MWCNTs were embedded within the PEDOT:PSS matrix,
which had been partially pulled out due to the cleaving process. Supplementary material Fig. S2(a)
illustrates the dispersion mechanism and the printing process of MWCNTs. In addition, Figs. S2(b)-
S2(e) reveal different loading wt. % of MWCNTs dispersed homogeneously within the PEDOT:PSS
matrix via our customised aerosol-jet printing technique. The high-resolution SEM images in
Fig. S3 show that the diameter of these printed MWCNTSs was ~230 nm (+65 nm) with the length
of ~6.5 um (+£2.3 um), which matched well with the supplier’s specifications and also confirmed
that they remained intact after the atomisation and printing processes due to their excellent ductility
and stretchability. Following this, SbyTes nanoflakes were incorporated into the nanocomposite as
well. Figures 1(c)-1(f) compare the morphology of different printed Sb, Te;-MWCNTs-PEDOT:PSS
nanocomposites loaded with different wt. % of Sb,Tes; nanoflakes and MWCNTs in a 50:50 ratio,
where a visibly larger amount of Sb,Te3 nanoflakes and MWCNTSs were seen with increasing loading
ratio, as expected. These nanoscale inclusions were uniformly distributed and embedded within the
PEDOT:PSS matrix without any segregation of the different phases, thus resulting in the uniform
composition of the printed nanocomposite. The analysis of energy dispersive X-ray (EDX) map-
ping data, shown in Fig. S4, illustrates the spatial distribution of Sb,Tes and MWCNTSs within the
PEDOT:PSS matrix, where the “S” element indicates the distribution of the PEDOT:PSS matrix and

&

5 wt.% Sb2Te3+tMWCNTs & 100 wt.% Sb2Te3+MWCNTs

FIG. 1. (a) SEM image of representative printed MWCNTSs-PEDOT:PSS nanocomposite lines by aerosol-jet printing. (b)
A fracture surface reveals that the MWCNTs were embedded within the PEDOT:PSS matrix and partially pulled out after
bending and fracturing the nanocomposite. High-resolution SEM images of printed nanocomposites with different load-
ing ratios of SbyTes and MWCNTSs within the PEDOT:PSS matrix from (c) 15 wt. %, (d) 50 wt. %, (e) 85 wt. % up to
(f) 100 wt. %.
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the “Sb” element indicates the distribution of Sb,Tes nanoflakes. This result further confirms the
uniformity of the dispersion of Sb,Te; and MWCNTs within the polymer matrix.

Several groups have attempted treating the deposited pristine PEDOT:PSS films by using differ-
ent chemicals to improve their o and S.!%3!3740 The commonly accepted mechanism is to de-dope
the insulating PSS molecules from the conducting PEDOT chains by using different polar solvents.?!
Importantly, CNTs can further improve the o of the printed PEDOT:PSS-based nanocomposites
by forming continuous links between PEDOT islands owing to their superior conductivity and
by favorable nt-r interactions.'#?!2> Therefore, printed PEDOT:PSS-based nanocomposite samples
with different nanocomposite loading fractions were prepared, followed by surface treatments with
polar solvents including ethylene glycol (EG),'%3!-37 dimethyl sulfoxide (DMSO),3!-*® and glycerol
(GYL),*! to investigate their effects on the final thermoelectric properties. Finally, these printed
nanocomposites were prepared for thermoelectric property measurement, as described in detail in
supplementary material S4.

As can be seen in Figs. 2 and S6, the surface treatment led to a significant improvement in
o, especially seen in the DMSO-treated samples which were found to show an increase in o by
a factor of 5 as compared to the untreated sample. This, therefore, led to the highest power factor

(a) = MWCNTs + PVP + SDS + EG
MWCNTs + PVP + SDS + DMSO
MWCNTs + PVP + EG
MWCNTs + PVP + DMSO
30 |l Sb2Tes + MWCNTs + PVP + EG
—_ Sb2Tes + MWCNTSs + PVP + DMSO
<
E 15
A
04
15 35 50 65 85 90
Nominal Composite Loading Ratio (wt.%)
(b) 1500 MWCNTs + PVP + SDS + EG
MWCNTs + PVP + SDS + DMSO
MWCNTs + PVP + EG
MWCNTSs + PVP + DMSO
1000 | B Sb2Tes + MWCNTs + PVP + EG
— Sb2Tes + MWCNTSs + PVP + DMSO
£
2
2
S 500
0
15 35 50 65 85 90
Nominal Composite Loading Ratio (wt.%)
50
(c) MWCNTs + PVP + SDS + EG
MWCNTs + PVP + SDS + DMSO
40 |EZMWCNTs + PVP + EG
MWCNTSs + PVP + DMSO
o Sb2Tes + MWCNTs + PVP + EG
™ 30 |H SbrTes + MWCNTs + PVP + DMSO
E
z
= 207
N’
=
A 10 A
0 4

0 15 35 50 65 85 90 100
Nominal Composite Loading Ratio (wt.%)

FIG. 2. (a) Seebeck coefficient, (b) electrical conductivity, and (c) power factor of printed PEDOT:PSS-based nanocomposites
loaded with different components and compositions and surface-treated with different polar solvents. Error bars indicate the
standard deviation of the measured values of two separate printed samples with the same loading components.
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(PF) obtained in the samples treated with DMSO. Moreover, it was found that the GYL-treatment
was prone to delaminating the printed films off the substrate, and thus this treatment was abandoned
in the subsequent investigation. Although the obtained PF was still less than some of the very best
results reported,’! it should be noted that these results were obtained from a different PEDOT:PSS
starting material, which has been shown to have vastly superior oo compared to PEDOT:PSS from
other vendors as compared in detail in Table S2.'%!331:42 We note here that the work from Kim
et al.’! has yet to be repeated by any other group. The measured PF in our work nevertheless compared
favorably with other reported values based on PEDOT:PSS from similar suppliers.”#>+

When considering the performance of CNT-based composites, the introduction of surfactants
is usually best avoided.** Figures 2 and S6 indicate that the removal of SDS surfactant can largely
improve the final o~ and PF values of printed MWCNTs-PEDOT:PSS nanocomposites. Moreover, the
added EG/DMSO within the PEDOT:PSS ink could also serve to function as a surfactant to facilitate
more homogeneous phase separation between PEDOT:PSS and the loaded inorganic components in
the hybrid organic/inorganic composites, as reported by Shin e al.** Therefore, to further investi-
gate the influence of the PVP surfactant on their final thermoelectric properties, the printed pristine
MWCNT samples were heated up to 350 °C to burn away the remaining PVP surfactant. It was
found that o only increased marginally with little change in S. Since the amount of the added PVP
surfactant was very small, it had very little influence on the electrical network and quality of con-
tacts within the nanocomposite. In addition, Fig. 2 shows that printed MWCNT films (at 100 wt. %)
exhibited very low o (~1 S/cm) and consequently very poor PF (~0.1 4uW/mK?), which may due to
the MWCNT film exhibiting a very porous network as seen in Fig. S3. Therefore, the PEDOT:PSS
matrix was essential here, which served as the electrical contact medium between different compo-
nents of the nanocomposite. Moreover, the addition of Sb,Tes nanoflakes largely enhanced S, albeit
with a concomitant decrease in o, specifically in the high loading ratio region, which resulted in
their overall thermoelectric performance (S ~ 29 uV/K, o ~ 496 S/cm, PF ~ 41 uW/mK?) slightly
exceeding their non-Sb, Te3-added counterparts (S ~ 17 uV/K, o ~ 1282 S/cm, PF ~ 37 uW/sz).
Although the incorporation of Sb,Te; nanoflakes and MWCNTs within the PEDOT:PSS matrix was
seen to be quite dense in Figs. 1(c)-1(e), there were still some poor electrical networks, which arose
due to the introduction of relatively lower o-Sb, Te; nanoflakes creating larger interfacial resistance,
whereby the Sb,Te; nanoflakes might block the electrical contact with neighbouring MWCNTSs and
PEDOT clusters. Nevertheless, these added Sb,Te; nanoflakes could hinder the thermal transport
and significantly lower the overall thermal conductivity of printed nanocomposites via the introduc-
tion of the phonon-boundary scattering and the large thermal boundary resistance at the interfaces
as well-reported in the literature.!%11:154346 We would therefore expect that nanocomposites with
both CNTs and Sb,Tes inclusions will have higher ZT than composites containing only one of these
components, particularly in instances where their respective power factors are comparable. Based
on the above results, our studies indicate that highly conducting single-walled carbon nanotubes
(SWCNTs) or double-carbon nanotubes (DWCNTs) could be used to replace MWCNTSs, which
would generate up to a couple of orders of magnitude higher o compared to the currently used
MWCNTs. 748

While there has been a considerable number of reports on the improvement of PF or ZT values
of current thermoelectrics, the flexibility and robustness of these materials when incorporated into
practical applications remain relatively under-reported in the literature. Therefore, rigorous flexing
and fatigue tests were devised and conducted on our printed flexible thermoelectric nanocomposites
to further quantify their mechanical stability and flexibility under different bending curvatures, as
well as their robustness and durability under prolonged flexing cycles. The properties of the printed
nanocomposites with the highest PF values were selectively compared here in response to flexing,
as shown in Figs. 3(a) and 3(b). Simple manual bending tests [see Figs. S7(a)-S7(c)] and rigorous
flexing tests [see Figs. 3(a) and 3(b)] were conducted to estimate their thermoelectric properties under
various degrees of curvature, by mounting them onto difference surfaces with difference curvatures,
e.g., beaker, test tube, and pen, as illustrated in the inset of Fig. 3(b). It is observed that our printed
nanocomposites exhibited an excellent conformability and retained their original smooth surface
without forming any visible cracks or deformations after 5 flexing cycles. The electrical resistance of
these nanocomposites increased marginally and then plateaued as the curvature increased, suggesting
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FIG. 3. Flexing test on the printed PEDOT:PSS-based nanocomposites with different loading ratios of MWCNTs and Sb, Te3
nanoflakes, where (a) the ratio of the flat-to-flexed resistance was plotted as a function of curvature and (b) the ratio of the flat-
to-flexed Seebeck coefficient as a function of loading composition, respectively. Inset: the sample was subjected to a curvature
of 190 m™1. (c) Fatigue test of the printed 85 wt. % Sb; Te3-MWCNTs-PVP-PEDOT:PSS nanocomposite, continually flexing
for 60 h (36k cycles in total) under the application of a periodic compressive stress at a frequency of 0.15 Hz with amplitude
of ~10 mm, as shown in the inset, and the data after different flexing cycles were recorded accordingly.

that their excellent flexibility could be attributed to our novel nanocomposite design structure, com-
prising ductile and conducting MWCNTSs networks within the flexible PEDOT:PSS polymer, which
serves as a protective matrix to provide greater mechanical support.

A more extensive and continuous fatigue test was subsequently conducted on the printed
85 wt. % SbyTe3-MWCNTs-PVP-PEDOT:PSS nanocomposite by subjecting it to up to 36k con-
tinuous flexing cycles, i.e., 60 h of continuous testing at 0.15 Hz, as shown in Figs. 3(c) and S7. The
resistance of these flexed nanocomposites did not revert to their original values after released, and
it may be due to the formation of very small cracks within the nanocomposite, as can be seen from
SEM images taken before and after fatigue testing, shown in Fig. 4. It can be seen that after prolonged
flexing and fatigue tests, the nanocomposite film was partially peeled off from the substrate, and there
were only a few microcracks formed, which tended to be near the edges of the nanocomposite. Inter-
estingly, the S values of the nanocomposites were found to decrease only slightly after being flexed
at very high curvatures ~300 m™', as can be seen in Fig. 3(b). Furthermore, the S value decreased by
only ~15% after the 60 h prolonged fatigue test, which indicates that the observed microcracks did
not substantially affect S. These observations confirm the superior flexibility and mechanical stability
of the printed flexible nanocomposites as compared with their bulk counterparts. The fatigue result
also suggests that after an initial increase in the resistance value (R/R,), the electrical conductivity
remains stable for up to 60 h of testing, which indicates that our printed nanocomposite could be
used as a flexible thermoelectric generator to convert the temperature gradients into electricity over
a prolonged time. Moreover, it should be noted that our printed nanocomposite was tested over a
period of 2 months with negligible degradation in performance. These fatigue results are of signifi-
cant importance given that such extensive fatigue data are rarely presented in the literature for flexible
thermoelectric generators.
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FIG. 4. SEM images of the printed nanocomposite (a) before and [(b) and (c)] after the fatigue test, where the enlarged images
[(d)—(f)] show the microcracks formed within the nanocomposite after the prolonged fatigue test.

In summary, aerosol-jet printed, flexible, all-organic, and organic-inorganic hybrid composite
thermoelectric devices were prepared incorporating materials such as conducting PEDOT:PSS poly-
mers, high electrical conductivity MWCNTSs, and high Seebeck coefficient Sb,Tes nanoflakes. The
introduction of MWCNTs and Sb,Tes can also serve to lower the thermal conductivity by phonon
scattering at the organic/inorganic interfaces for improved thermoelectric performance. To the best
of our knowledge, these are some of the very first results where the aerosol-jet printing technique has
been used to incorporate MWCNTSs into flexible printed nanocomposite thermoelectric devices. A
couple of important process modifications were implemented in these devices wherein in sifu mixing
of the component phases was used to form composite devices, the method potentially availing many
advantages in printing advanced composite devices. The printed PEDOT:PSS-based nanocomposite
devices were treated with different polar solvents to improve their o by de-doping PSS. The results
from the thermoelectric measurements across different compositions and surface treatments were
compared, with the DMSO-treated Sb,;Te;-MWCNTs-PVP-PEDOT:PSS nanocomposite showing
the best PF of ~41 yW/mK? (S of ~29 uV/K and o of ~496 S/cm). Furthermore, rigorous flexing
and fatigue tests have proved the superior flexibility and robustness of these printed thermoelectric
nanocomposites after 60 h continuous flexing cycles (36k cycles in total). Flexible thermoelectric
nanocomposites with good durability as demonstrated in this work could find applications in thermal
energy harvesters for wearable devices or in applications requiring ease of mounting and/or surface
conformability of the energy harvester.

See supplementary material for details provided about (S1) description of the ink formulation for
aerosol-jet printing; (S2) fabrication of aerosol-jet printed thermoelectric nanocomposites; (S3) the
influence of surfactant addition on printed thermoelectric nanocomposites; (S4) thermoelectric mea-
surement of printed thermoelectric nanocomposites; (S5) surface treatment on printed thermoelectric
nanocomposites; and (S6) flexing test and fatigue test on printed thermoelectric nanocomposites.
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