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Solution-printable and flexible thermoelectric materials have attracted great attention because of their
scalable processability and great potential for powering flexible electronics, but it is challenging to
integrate mechanical flexibility, solution-printability and outstanding thermoelectric properties together.
In particular, such an n-type thermoelectric material is highly sought after. In this paper, 2D TiS,
nanosheets were exfoliated from layered polycrystalline powders, and then assembled with Cgg
nanoparticles, resulting in a new class of flexible n-type thermoelectric materials via a concurrent
enhancement in the power factor and a reduction in thermal conductivity. The resultant Cgo/TiS, hybrid
films show a ZT ~ 0.3 at 400 K, far superior to the state-of-the-art solution-printable and flexible
n-type thermoelectric materials. In particular, such a thermoelectric property rivals that of single-crystal
TiS,-based thermoelectric materials, which are expensive, difficult to synthesize, and unsuitable for
solution printing. A solution of the Cgo/TiS, hybrid was also used as an ink for printing large-area flexible
and spatial thermoelectric devices. An outstanding output power of 1.68 W m~2 was generated at a
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temperature gradient of 20 K. This work paves the way for flexible, solution-printable, high-performance

rsc.li/ees thermoelectric materials for flexible electronics.

Broader context

More than half of industrial energy is lost as waste heat, and thus it is critical to recycle waste heat for efficient energy utilization. Thermoelectrics involving the
conversion between heat and electricity can recycle such wasted heat in a safe and environmentally friendly manner. Thermoelectrics can also produce clean
energy by harvesting thermal energy from sustainable resources, and facilitate water reuse for global sustainability. They also have great potential for high-
precision thermal sensors and non-invasive or minimally-invasive therapy. In contrast to conventional rigid thermoelectrics, flexible thermoelectrics show a
huge advantage of easy integration in versatile formats but are limited by their inferior thermoelectric properties. In this paper, we demonstrate n-type
fullerene/TiS, organic/inorganic hybrid films which integrate mechanical flexibility, solution-printability and outstanding thermoelectric properties together.
Our work opens a new door for utilizing flexible thermoelectric materials in the field of stretchable electronics, flexible power generators, tunable water-reuse
systems, and adaptable sensors.

Introduction

The thermoelectric effect, which involves direct conversion between
thermal energy and electrical energy without moving parts or
hazardous working fluids, has attracted increasing attention in
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terms of sustainability."” In particular, thermoelectric materials
can harvest body heat to supply power to wearable electronics.
Flexible thermoelectric materials without toxic or rare elements are
extremely attractive and preferred, especially those that are
solution-printable. The efficiency of energy conversion is deter-
mined by the figure of merit (Z7) of materials, defined as
ZT = S%¢T/x, where S is the Seebeck coefficient, ¢ is the
electrical conductivity, x is the thermal conductivity, and T is
the absolute temperature. Rigid inorganic materials such as
Bi,Te; demonstrate high ZT, but their lack of flexibility hinders
their potential for wearable power sources. Alternatively,
organic thermoelectric materials have received great attention
because of their flexibility and recent break-throughs in their

Energy Environ. Sci., 2018, 11, 1307-1317 | 1307


http://orcid.org/0000-0002-6698-5178
http://orcid.org/0000-0001-9829-1202
http://orcid.org/0000-0003-4757-5664
http://orcid.org/0000-0003-4516-3025
http://rsc.li/ees
http://dx.doi.org/10.1039/c7ee03617e
http://pubs.rsc.org/en/journals/journal/EE
http://pubs.rsc.org/en/journals/journal/EE?issueid=EE011005

Published on 27 March 2018. Downloaded by Texas A & M University on 05/06/2018 01:25:03.

Paper

thermoelectric properties.®'® For example, solution-processed
p-type poly(3,4-ethylenedioxythiophene) (PEDOT) based films
demonstrated outstanding thermoelectric properties with
ZT > 0.25.%7 Unfortunately, the development of n-type organic
thermoelectric materials significantly lags behind that of their
p-type counterparts in terms of low electron transport proper-
ties and poor stability."" ™

Organic/inorganic hybrids have emerged as a new class of
flexible n-type thermoelectric materials; in particular, organic
material-intercalated transition metal dichalcogenides (TMD)
have great potential for flexible air-stable n-type thermoelectrics.
TiS,, a type of 2D transition metal dichalcogenide (TMD), is a very
promising candidate for n-type thermoelectrics due to advan-
tages including it being environmentally benign, chemical
stability, mechanical flexibility and it being composed of the
earth-abundant elements Ti and S.'°'® Furthermore, a TiS,
single crystal was reported to have a very high power factor
(PF, $%0) of 3710 yW m ™" K™ ? even at room temperature, which
rivaled those of the state-of-the-art Bi,Te; alloys.'® However, its
ZT was rather low, only 0.16 at 300 K because of the relatively
large thermal conductivity (6.8 W m™"' K ').">?° Therefore,
an important strategy is to reduce thermal conductivity and
maintain a high power factor for a higher Z7. In particular,
reducing the lattice thermal conductivity, which mainly contri-
butes to the total high thermal conductivity, is an effective way of
improving the ZT of TiS,. Recently, Koumoto et al. used organic
solvent molecules to intercalate TiS, single crystal and achieved
an ultralow in-plane lattice thermal conductivity of 0.12 Wm ™" K/,
resulting in a ZT value of ~0.2 at room temperature.'® But inter-
calation of these molecules also led to significant decrease of the
Seebeck coefficient and thus the power factor, as shown in
Fig. 1a.'>'?! In addition, it is almost impossible to grow
large-size TiS, single crystals for scalable production (for exam-
ple, the current single crystal TiS, is usually around 4 mm X
4 mm). In comparison, polycrystalline TiS, powders are suitable
for mass-production and scalable solution processing. However,
the thermoelectric properties of polycrystalline TiS, powders are
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much poorer, only 0.09 (Z7) at room temperature.'” It will be of
great interest to tune the polycrystalline TiS, powders so that
their thermoelectric properties are comparable to the single
crystal TiS,.

The inclusion of nanostructures is a very promising strategy
to improve the thermoelectric properties of polycrystalline
TiS, films, which can greatly reduce the thermal conductivity
via phonon scattering while slightly affecting the electron
transport.”>** Significant progress has been made in thermo-
electric materials via nanostructure-induced phonon scattering,
such as BiSbTe alloys and PbTe.”**® Recent attempts have
indicated that organic/inorganic hybrid nanostructures could
demonstrate significantly-improved thermoelectric properties by
reduction of thermal conductivity, such as graphene/skutterudite
composites and carbon nanotubes/Cu,Se composites.’**' Carbon
nanocrystals, Cgy, with an extremely high Seebeck coefficient
(2000 uv K~ ') and low thermal conductivity (0.16 W m™" K™ )
at room temperature®>>* could be an ideal nanofiller to reduce the
thermal conductivity of TiS, 2D crystals while maintaining their
high Seebeck coefficient and thus high power factor. However, to
the best of our knowledge, no attempt has been reported to design
and prepare such a novel Cg/TiS, hybrid nanostructure, and there
is a lack of fundamental understanding about the assembly,
characterization, and thermoelectric properties of such novel
hybrid nanostructures.

In this paper, we present the liquid assembly of 0D Cgq
nanoparticles onto 2D TiS, nanosheets to synthesize novel
organic/inorganic heterostructures and study the thermoelectric
properties of the as-produced hybrids. Tailoring Cs, nanoparticles
increased the power factor of TiS, by >1.5-fold and also signifi-
cantly decreased the thermal conductivity through phonon
scattering (Fig. 1a). As a result, the thermoelectric property of
the as-assembled Cg/TiS, hybrid films could rival that of the
state-of-the-art TiS, single crystals."®*"' The as-produced novel
hybrids can also be dispersed in solvents and used as an ink for
printing large-area and flexible thermoelectric devices. A power
density of 1.68 W m™?> for the printed device was achieved
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Fig. 1 (a) The variation of the power factor on decreasing the thermal conductivity of TiS,. PFg and g are the power factor and thermal conductivity of
TiS,, respectively. Typically, a decrease in thermal conductivity accompanies a reduction in the power factor.>*72! |n contrast, our work demonstrates a
simultaneous decrease in thermal conductivity and enhancement in the power factor. (b) Comparisons of power density between the thermoelectric
device of our work and reported thermoelectric devices based on organic materials or organic/inorganic composites.®**'85-3" The temperature

differences are within 20 K which is easy to realize in a natural setting.
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under a temperature gradient of 20 K (AT = 20), which was
much higher than that of the reported thermoelectric devices
based on organic materials or organic/inorganic composites
(Fig. 1b).%'31835737 Integration of solution-printability, air
stability, and flexibility makes the as-assembled Cg,/TiS,
hybrids a new class of flexible high-performance thermoelectric
materials for flexible electronics.

Results and discussion
Fabrication of Ce,/TiS, hybrid films

Because of the significant solubility difference of C4, and TiS,,
directly mixing them in a common solvent is not possible for
the assembly of Ce0/TiS, hybrids. Hence, a facile liquid process
via solvent transfer and surface deposition is developed to solve
this problem, as illustrated in Fig. 2. In a typical procedure, TiS,
nanosheets were dispersed into isopropyl alcohol (IPA), while a
small amount of Cgo/toluene solution was gradually injected
into the TiS,/IPA solution under the assistance of bath sonica-
tion. Toluene and IPA are miscible, while the solubility of Cg, in
IPA is very low. Therefore, C¢o nanoparticles gradually precipi-
tated in IPA and preferably deposited on the hydrophobic
surface of the TiS, nanosheets because of the van der Waals
interaction.

The composition and morphology of the pristine TiS, powders
were confirmed by the X-ray diffraction (XRD) and scanning
electron microscopy (SEM) results, as shown in Fig. S1 and S2
(ESIt). Exfoliated TiS, nanosheets were also characterized by
using an atomic force microscope (AFM) (Fig. 3a and Fig. S3,
ESIt), and the cross-section analysis was carried out. The statis-
tical distribution of the exfoliated TiS, nanosheet thickness is
shown in Fig. 3b, and most of them are less than 2 nm-thick,
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indicating single-layer or two-layer nanosheets. The transmission
electron microscope (TEM) characterization indicated that the
as-exfoliated TiS, nanosheets showed a smooth and clean surface
(Fig. 3c). In contrast, numerous small Cq, nanoparticles were
clearly observed on the surface of the TiS, nanosheets for the
Ceo-assembled TiS, hybrids as shown in Fig. 3d. The size of most
Ceo aggregates on the TiS, nanosheets was around 5 nm. The
Ce0/TiS, suspension was very stable for more than one month,
and can be used as an ink to print large-area films. The
as-produced freestanding and flexible Cg(/TiS, hybrid film is
shown in Fig. 3e. The cross-section of such a hybrid film was
also characterized by SEM, clearly indicating the layered struc-
ture (Fig. 3f). The as-produced Ceo/TiS, hybrid film was also
characterized by Raman spectroscopy. As shown in Fig. 3g,
a peak at 334 cm ™" was observed in the spectra of both the TiS,
film and hybrid film. This low-frequency band was assigned to
the A;; mode, corresponding to the vibration of sulfur atoms
perpendicular to the sulfur layer. The features of the spectra are
similar to those of 1T-TiS, (Cdl, type structure).*® Several
characteristic peaks were observed in the Raman spectrum of
Ceo. In the Raman spectrum of the hybrid film, both charac-
teristic peaks of Cqo and TiS, were observed, further confirming
the intercalation of Cgo in the TiS, layers. The XRD charac-
terization results of the re-stacked TiS, film and the Cg,/TiS,
nanosheet hybrid films are shown in Fig. 3i. All the charac-
teristic peaks observed in the XRD patterns are consistent with
those in the reference PDF# 15-853.>>*° The (001) peak of the
re-stacked TiS, film slightly shifted to a lower degree compared
to the pristine TiS, powders, indicating the increase of the layer
spacing. For the hybrid films, the (001) peak further shifted to a
lower degree with increasing Cgo fractions. Obviously, the
enlarged interlayer spacing was induced by the intercalation
of Ceo nanoparticles. The XRD peaks of Cq, were not found for
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NMP intercalated
TiS, powder

Surface deposition

Van der waals
interaction

C40/TiS, hybrids

Fig. 2 Scheme of fabricating Ceo/TiS, nanosheet hybrids by a liquid process.
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Fig. 3 Characterization of the synthesized Cgo/TiS, nanosheet hybrid films. (a) Typical AFM image of an exfoliated TiS, nanosheet. (b) The thickness
distribution of exfoliated TiS, nanosheets. (c) TEM image of TiS; nanosheets. (d) TEM image of 1 wt% Ceo/TiS, nanosheet hybrids. (e) Digital image of the
fabricated flexible Cgo/TiS, nanosheet (1 wt% Cgo content) hybrid film in a large area of 3 cm x 3 cm. (f) Cross-sectional SEM image of the fabricated
1 wt% Ceo/TiS, nanosheet hybrid film. (g and h) Raman spectra of the TiS, film, Cgo powders, and 1 wt% Cgo/TiS, nanosheet hybrid film. (i) XRD patterns of
the TiS, film and Cgo/TiS, nanosheet hybrid films with different Cgo contents.

the hybrid samples, which was mainly due to the very low Cgo
amount. Similar phenomena were also reported in the previous
literature.*"**

Thermoelectric performance

The electrical conductivity and Seebeck coefficient of the pre-
pared films were characterized as a function of the Cg( fraction
in the in-plane direction at room temperature and the results are
shown in Fig. 4a and b. The re-stacked TiS, films showed an
electrical conductivity of ~480 S cm ' and a Seebeck coefficient
of ~—75 uv K™ '. After assembling the Cq, nanoparticles on
the surface of the TiS, nanosheets, the electrical conductivity
persistently decreased while the Seebeck coefficient increased

1310 | Energy Environ. Sci,, 2018, 11, 1307-1317

with an increasing Cgo amount. When the Cg, amount was
1 wt%, the Seebeck coefficient of the hybrid films reached
—101 pv K '. On further increase of the Cq, amount, the
enhancement in the Seebeck coefficient was very slight. This
may be caused by the aggregation of Cg,. Because of the limited
surface on the TiS, nanosheets, continuously adding Cg, above
1 wt% could force them to aggregate to form larger clusters, as
indicated by the XRD results in Fig. 3i. The carrier concentration
of the fabricated films was measured and is shown in Fig. S8
(ESIt), and decreased with increasing Cg, content. The influence
of the varied carrier concentration on the Seebeck coefficient was
evaluated by the Pisarenko plot,*> as shown in Fig. S9 (ESIY).
Our experimental results of the Seebeck coefficient for the hybrid

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 In-plane thermoelectric properties of the fabricated TiS, film and Cgo/TiS, nanosheet hybrid films as a function of Cgo content, and the air stability
of the hybrid film. (a) Electrical conductivity. (b) Seebeck coefficient. (c) Power factor. (d) The resistance R of the 1 wt% Cgo/TiS; hybrid film as a function of
the bending radius r, where R is the resistance before bending. The resistance was measured by attaching the hybrid film to glass tubes with different

diameters.

films were larger than the calculated values, indicating that the
reduction of carrier concentration only partially contributed
to the enhancement of the Seebeck coefficient. Some other
factors, such as Cg, components and interfacial scattering,
could also significantly contribute to the enhancement of the
Seebeck coefficient.*” A maximum power factor of as high as
~400 pW m ™" K> was observed in the Cgo/TiS, hybrid films at
1 wt% Cgo, Which is much higher than that of the re-stacked TiS,
films, and previously reported n-type TMD polycrystalline films
(see Table S2, ESIT)."”®*>% These results have confirmed that it
is feasible to maintain or even enhance the high thermoelectric
power factor of TiS, by Cgo intercalation. The as-fabricated
Ceo/TiS, hybrid film also demonstrates a good flexibility, as
shown in Fig. 4d. The increase of electrical resistance for the
1 wt% Ceo/TiS, hybrid film was within 5% even at a bending
radius of 3.5 mm. The stability of the prepared Ce(/TiS, hybrid
film was also investigated. As illustrated in Fig. S10 (ESIY),
the hybrid film demonstrated negligible changes in both the
electrical conductivity and Seebeck coefficient during the testing.

More impressively, inclusion of Cg, nanoparticles onto the
surface of TiS, nanosheets can also significantly decrease the
thermal conductivity (especially the lattice thermal conductivity)
of TiS, because of the phonon scattering. The in-plane thermal
conductivity was characterized by a laser flash method, and
is shown in Fig. 5a. When the Cgo content was increased to
1 wt% in the hybrid film, the thermal conductivity dramatically

This journal is © The Royal Society of Chemistry 2018

decreased from 0.96 Wm ' K ' to 0.61 Wm™* K !, an almost
36% reduction. However, further increasing the Cg, content
only led to a slight reduction in thermal conductivity. The
lattice thermal conductivity (k;) can be calculated by subtracting
the carrier part . from the total x, where «. is calculated by the
Wiedemann-Franz law (k. = LyoT). L, is the Lorentz number and
can be given as follows,

I (@)2 (r+7/2)Frispy(n) ("Jr5/2)1”(#3/2)('7)}2
0 (r+3/2)Fap) [+ 3/2) )] )

e
@)

where kg is the Boltzmann constant, e is the electron charge, r is
the scattering factor, and 5 is the reduced Fermi energy. The
dominant scattering mechanism of TiS, is acoustic phonon
scattering, so r = —1/2."> The reduced Fermi energy # should be
derived from the measured Seebeck coefficients,

5/2)F,
S:ilﬂ((r-i- /2)F (4372 (n) —'7)7 @)
e \(r+3/2)F11/2)(n)
where F,(n) is the nth-order Fermi integral,
Fu(n) = me“—”dy. ()
0 1+er—n "

The calculated lattice thermal conductivities are shown in
Fig. 5b. Similar to the trend of total thermal conductivity, the

Energy Environ. Sci., 2018, 11, 1307-1317 | 1311
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Fig. 5 In-plane thermoelectric properties of the fabricated TiS, film and Ceo/TiS, nanosheet hybrid films as a function of Cgo content. (a) Thermal
conductivity. (b) Lattice thermal conductivity. (c) Schematic illustration of phonon scattering in the Cgo/TiS, nanosheet hybrid films. (d) ZT versus

Ceo fraction.

lattice thermal conductivity of the hybrid film rapidly decreased
to 0.39 W m ' K ' at 1 wt% Cgo, and then decreased very
slightly with increasing Cgo content. The thermal conductivity
of the TiS, single crystal was as high as ~6.8 Wm™ " K™ ', while
the thermal conductivity of the sintered TiS, polycrystals was
reported to be ~3.4 W m ' K 1'% In comparison, the
thermal conductivity of the as-fabricated Ce,/TiS, hybrid films
was very low. Previous work showed that the ultralow in-plane
thermal conductivity of ~0.7 W m~' K" and the lattice thermal
conductivity of ~0.12 W m~' K ' can be achieved by using
organic molecules to intercalate the TiS, single crystal."® In this
work, the significant reduction of thermal conductivity can be
attributed to the phonon scattering induced by the grain boundary
between TiS, nanosheets and Cg, nanoparticles. As illustrated in
Fig. 5¢, the grain boundary of TiS, nanosheets can effectively scatter
the long-wavelength phonons. The smaller-size Cg, nanoparticles
preferably scatter the mid-wavelength and short-wavelength
phonons. As mentioned above, there was a limited surface area
to assemble the Cg, nanoparticles on each TiS, nanosheet.
Therefore, a high fraction of Cs, nanoparticles tended to aggregate
and thus cannot effectively increase the number of phonon scatter
centers, resulting in a slow decrease of thermal conductivity. Based
on the experimental measurements, the Z7T value (~300 K) was as
high as 0.2 for the 1 wt% C/TiS, nanosheet hybrid films, which is
comparable to the state-of-the-art TiS, single crystals.">*!

The temperature-dependent thermoelectric properties of the
TiS, film and the 1 wt% Cg/TiS, hybrid film are shown in Fig. 6.

1312 | Energy Environ. Sci., 2018, 11, 1307-1317

The electrical conductivities of both the TiS, film and the
hybrid film decreased with increasing temperature, displaying
metallic conductive behavior. This changing trend is consistent
with those in recent publications on organic molecule intercalated
TiS, materials.’>?' In contrast to the electrical conductivity, the
Seebeck coefficients of both the TiS, film and the hybrid film
increased with increasing temperature. As a result, the power
factor of the TiS, film stayed stable with increasing temperature
while the power factor of the Cgo/TiS, hybrid film decreased
slightly with increasing temperature, from ~400 pW m™" K >
at ~300 K to 375 pW m ™' K 2 at ~400 K. Overall, the Cq,/TiS,
hybrid films demonstrated a much larger power factor than the
TiS, film in the whole temperature range of measurement. The
temperature-dependent thermal conductivities including the
lattice thermal conductivities of the two films are shown in
Fig. 6d. It was clearly observed that assembling Cg, nanoparticles
onto TiS, nanosheets greatly decreased both the total thermal
conductivity and lattice thermal conductivity of TiS,. Moreover,
the total thermal conductivity of the hybrid film slightly decreased
with increasing temperature. As a result, the ZT value of the 1 wt%
Ceo/TiS, hybrid film increased to 0.3 at 400 K. The thermoelectric
properties of the state-of-the-art n-type organic materials and
organic/inorganic hybrid materials are summarized in Fig. 6f,
including the organic intercalated TMDs,'>"”*!
tion polymers,"'* insulating polymer/metal composites,*® and
PEI doped carbon nanotubes.”® The ZT value of the as-prepared
Ceo/TiS, polycrystalline flexible films is comparable to that of the

metal coordina-

This journal is © The Royal Society of Chemistry 2018
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for state-of-the-art flexible and printable organic thermoelectrics and organic/inorganic hybrid thermoelectrics.

single crystal TiS, materials, and among the highest for flexible
n-type thermoelectric materials.

Device performance

Owing to the good processability, the as-prepared Cego/TiS,
hybrids are suitable for scalable, cost-effective, high-rate and
continuous solution processes, and thus it is convenient to
fabricate large-area flexible thermoelectric devices by printing
techniques such as the roll-to-roll printing reported by our
group.”” A flexible thermoelectric module composed of 4 parallelly
connected legs was fabricated using 1 wt% Ce/TiS, hybrid films
as n-type legs while 50 wt% single-walled carbon nanotubes
(SWNTs)/PEDOT:PSS hybrid films were used as p-type legs, as

This journal is © The Royal Society of Chemistry 2018
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shown in Fig. 7b. Each component leg was 10 mm in length,
5 mm in width, and 10 um in thickness. The electrical resistance
of the as-fabricated device was measured to be 16.6 Q.
In principle, the output voltage of the thermoelectric device
can be given by U = E — IR;,, where E is the open-circuit voltage
of the device, R;, is the resistance of the device, and I is the output
current. Hence, the output voltage is inversely proportional to the
output current at a certain temperature gradient. As shown in
Fig. 7c, the output current-voltage curves were plotted against
different temperature gradients by connecting the device with an
external load resistance in series. An inverse relationship was
observed between the current and voltage, and the output voltages
increase with the increasing temperature difference, reaching
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(c) The current-voltage curve of the device at different temperature differences. (d) The generated power of the device as a function of load resistance.
(e) The power—-voltage curve of the device at different temperature differences.

~4.8 mV at a temperature difference of 20 K. The output power
(P) can be expressed as, P = EI — ’Ry, = E°R/(R + Ri,)’, where R is
the load resistance. Therefore, the maximum output power can be
obtained when the external load resistance matches the inner
resistance of the device. As shown in Fig. 7d, output powers were
plotted against the external load resistance. Under all the tem-
perature gradients, the output powers reached the maximum
when the load resistance was about 17 Q, well matching the inner
resistance of the device. In addition, the output powers were
parabolic as a function of the output current (Fig. 7e). The
maximum output power was about 335 nW at a temperature
difference of 20 K. By dividing the cross-sectional area and the
number of legs, the normalized maximum power density was
1.68 W m 2, which is superior to those of the reported thermo-
electric devices based on organic materials or organic/inorganic
composites under a similar temperature difference.®>'%37

Conclusions

In summary, we demonstrate a facile approach to synthesize
novel organic/inorganic heterostructures of Cgo-intercalated
TiS,. Assembling 0D C4, nanoparticles onto 2D TiS, nanosheets
not only significantly increased the Seebeck coefficient and the
power factor, but also reduced the thermal conductivity of TiS,.
The resultant ZT was ~0.3 at 400 K, and comparable to that

1314 | Energy Environ. Sci,, 2018, 11, 1307-1317

of the single crystal TiS, materials, which are very expensive,
difficult to synthesize, and unsuitable for solution printing.
This method can be extended to other TMDs for creating
high-performance n-type thermoelectric materials. More
importantly, the as-assembled organic/inorganic hybrid can
serve as an ink for scalable printing of flexible and air-stable
n-type legs in the thermoelectric devices. These results will
significantly facilitate the utilization of thermoelectric devices
in the field of flexible electronics.

Experimental
Materials

The pristine TiS, powders were synthesized via solid-state
reaction by heating stoichiometric mixtures of Ti and S as
reported in a previous paper.* N-Methyl-2-pyrrolidone (NMP),
Isopropyl alcohol (IPA) and toluene were purchased from
Sigma-Aldrich. Cg, powders were purchased from Cheap Tubes
Inc. PEDOT:PSS (PH 1000) was purchased from Clevios. All the
materials were used as received.

Liquid assembly of C(/TiS, nanosheet hybrids

For the fabrication process of the Cgo/TiS, nanosheet hybrids,
0.2 g synthesized TiS, powders and 0.2 mL NMP were thoroughly
mixed and manually ground with a pestle for 30 min. The powders

This journal is © The Royal Society of Chemistry 2018
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were then transferred into a glass beaker with 40 mL IPA and ultra-
sonicated in a bath sonicator for 3 h. Afterwards, the solution was
centrifuged for 30 min at 4000 rpm twice to completely remove the
bulk powders. The supernatant containing TiS, nanosheets was
collected for further use. Various amounts (0.2 wt%, 0.5 wt%,
1 wt%, 2 Wt%, 3 wt%, 5 wt%) of 1 mg mL ™" Cg, toluene solution
were then slowly added into the 30 mL 1 mg mL ™" TiS, nanosheet
IPA solution, in order to deposit Cg, onto the surface of the TiS,
nanosheets. The mixture was further ultra-sonicated for 30 min to
facilitate the surface deposition process.

Film preparation

The as-prepared solution containing the Cgo/TiS, nanosheet
hybrids can be printed onto substrates or vacuum filtered with
filter membranes to obtain free-standing films. All the films
were dried in a vacuum oven at 45 °C for 1 h to achieve the
Ceo/TiS, hybrid films. Then, the obtained Cgo/TiS, hybrid films
were annealed at 150 °C for 1 h, in order to remove the residual
organic solvent molecules.

Device fabrication

p-Type ink was prepared by homogeneously dispersing 50 wt%
SWNTs into PEDOT:PSS with a probe sonicator. A suspension
containing 1 wt% Cg,/TiS, hybrids was used as n-type ink. The
flexible plastic substrate was treated with oxygen plasma for
one hour before fabrication of the device. Both the p-type ink
and n-type ink could be processed onto the plastic substrate
with the desired patterns. Finally, the p-type legs and n-type
legs were connected with conductive metals.

Characterization

The morphologies of the prepared TiS, nanosheets and Ce/TiS,
hybrids were characterized by transmission electron microscopy
(TEM, JEOL JEM-2010). The as-fabricated films were also charac-
terized by atomic force microscopy (AFM, Bruker), X-ray diffrac-
tion (XRD, Bruker D8) with a Cu-K, source (wavelength of
1.54056 A), and a Raman spectrometer (Jobin-Yvon HORIBA
LabRAM HR800 instrument coupled to an Olympus BX41
microscope, Aexc. = 514.5 nm). The film thickness was measured
by using a Dektak profilometer. The electrical conductivity and
Seebeck coefficient were measured along the in-plane direction
at room temperature with home-built apparatus (see ESIt). The
carrier concentration and mobility were measured according to
the Hall effect in a Physics Property Measurements System
(PPMS, Quantum Design). The high-temperature electrical con-
ductivity and Seebeck coefficient of the films were measured
with a ZEM-3 (ULVAC-RLKO). The mechanical flexibility was
assessed by attaching the films on glass tubes with different
diameters and testing their resistances as a function of tube
radius. The in-plane thermal diffusivity (1) of the film was
tested by using a LFA 447 (Netzsch) with a special sample
holder (Fig. S11, ESIf). The heat capacity (C,) was measured
using differential scanning calorimetry in the temperature
range of 300-400 K. Then the thermal conductivity (k) of the
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film was obtained from the relationship x = pAC, (p was the
density). The out-of-plane thermal conductivity was also measured
by using a LFA 447 for comparison. For the characterization of
device performance, a temperature difference was produced by
heating one side of the device with a resistance heater, and a
voltage meter (Keithley 2182A) was used to record the generated
thermoelectric voltage (Fig. S14, ESI¥).
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