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Recently, due to their unique advantages over inorganic materials, organic polymer thermoelectric (TE) materials have

received considerable attention. However, most studies focus on TE performance enhancement. So far, little attention has

www.rsc.org/

been paid to large-area preparation, stretchability, super flexibility and mechanical stability, although they are the intrinsic

advantages of polymer materials. Here we report for the first time large-area, stretchable, super flexible and mechanically-

stable TE films of polymer/carbon nanotube composites. Mechanically stretchable films with diameter of ~18 cm are

achieved by common vacuum filtration, whose thicknesses and sizes can be conveniently adjusted. Despite direct

observations of films under various deformations of bending, rolling or twisting, quantitative measurements of minimum

bending radii (< 0.6 mm) further confirm the super flexibility. More importantly, after mechanical bending or stretching,

no obvious deterioration of TE performance is found. Our findings represent a novel direction of polymer TE materials, and

will speed up their applications.

Introduction

Thermoelectric (TE) materials, which can realize direct energy
conversion between heat and electricity without moving parts
and any toxic liquid medium, have widely applications in both
TE generators for waste or low-quality heat harvesting and
local cooling.l'3 In the recent few years, organic TE materials,
mainly conducting polymersa'10 and their nanocomposites,”'17
have sparked intense interest and gained remarkable
achievements. For example, addition of carbon nanotubes
(CNTs) and graphene has been proved to be a convenient but
11-17 It

should be emphasized that polymer TE materials have unique

effective way for polymer TE property enhancement.

and intrinsic advantages over inorganic counterparts (such as
low cost, convenience to be processed, flexibility and low
thermal conductivity (< 1 W m* K'l)). In particular, organic TE
materials are promising in certain applications of flexible and
portable devices or modules used as off-grid and battery-free
power supplies in remote areas or a portable manner, heat
removal in electronic devices, etc.o&1112

Solution-processable free-standing polymer TE films have
attracted much of current interests, which can be easily cut
into different shapes and various sizes in an exact way,
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enabling them to suit various conditions.’*?* Generally, these

TE films have been prepared by three methods: vacuum-
assisted filtration,ls'20 spin-coating 224 and drop—casting.zz'23
The sizes and the thicknesses are normally less than 3.0 cm in
diameter and 10-150 um (thick films) or 100-200 nm (thin
films), respectively. Flexible Large-area films for polymer TE
materials have seldom been reported. Furthermore, the
flexibility of these films was only qualitatively characterized by
digital photographs of simply bending. No further quantitative
proof and data for flexibility are available so far.

Recently, stretchable electronics have stimulated intense
interests in diverse areas such as electronic skins (e—skin),z‘r”26
stretchable displays,27 strain/pressure sensors for human
motions,zs’29 and energy-related devices.**** Stretchability and
mechanical-stability are major intrinsic advantages of organic
polymers over inorganic materials. Unfortunately, they have
received little attention in TE materials yet. Assuming TE
materials were endowed with stretchability and mechanical-
stability, they may open widely applications on arbitrary
curved and moving surfaces (such as complex machine
elements and human joints) to withstand various kinds of
mechanical stresses (bending, rolling and twisting, etc.). Along
this line of consideration, stretchable self-sustainable power
sources or devices can be achieved to harvest low-quality or
waste heat by polymer TE materials, which can negate the
need to periodically replace the power source in complex or
extremely environments. However, the studies of
stretchability and mechanical-stability in TE materials are very
scarce.

Here, we report the first large-area, stretchable, super
flexible and mechanically-stable TE films of organic conducting
polymer composites. Water-processed, large-area, smooth and
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super flexible polypyrrole/single-walled carbon nanotube
(PPY/SWCNT) composites have been prepared by common
vacuum filtration method. To study the stretchability,
mechanical tensile tests were conducted. The tensile strengths,
moduli and elongations at break were measured. Other than
direct observations by digital photographs of bending, rolling
and twisting, the film super flexibility was further
quantitatively investigated by minimum bending radii. In
addition, the mechanical stability was investigated by
measuring the TE performance after bending and stretching.
These features render our composite TE films unique and
suitable to a variety of heat energy harvesting applications
especially in complex and extremely environments, where
various kinds of mechanical stresses need to be endured.

Experimental
Materials

Pyrrole (CP, purity = 98.0 %) and sodium dodecyl sulfate (SDS,
AR) were purchased from Sigma Aldrich. SWCNTs (diameter:
<3 nm, purity: >85.0 wt%) were provided by Shenzhen
Nanotech Port Co. Ltd, China. All of the other reagents,
including iron sulfate (Fe,(SO,)3) (AR), anhydrous ethanol (AR)
and distilled water, were used as received in the preparation
procedure without any further purification.

Preparation of PPy/SWCNT composites

The PPy/SWCNT composites were prepared by an in situ
chemical oxidative polymerization method with iron sulfate as
the oxidant. In a typical synthesis, a desired amount of SWCNT
was firstly dispersed in aqueous SDS solution (25 mL, 16 g L'l)
with or without the presence of ethanol (5 mL) under
ultrasonic treatment for 60 min. Then, 50 mg of pyrrole
monomer was added into the mixture under ultra-sonication
for 10 min. The system was magnetically stirred for 20 min at
0-5 °C. Subsequently, 750 mg of iron sulfate was first dissolved
in 4 mL of deionized water and then slowly dropped into the
above solution to initiate the polymerization reaction. The
reaction occurred at 0-5 °C with constant mechanical stirring
for 8 h. After that, the resulting black precipitate was filtered
under vacuum and rinsed with ethanol and deionized water
for several times until the filtrate became colourless. Finally,
flexible and mechanically stretchable PPy/SWCNT composite
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films were obtained by drying under vacuum at 60 °C for 24 h.
The mass ratio of SWCNT to pyrrole monomer varied from
0.1:1 to 0.8:1. For comparisons, the corresponding pure PPy
samples were prepared under the same conditions. Note that
the pure PPy sample was in the form of powder rather than
film.

Morphological characterization and Raman spectra

The FESEM morphology of the neat PPy or the PPy/SWCNT
nanocomposite was observed using HITACHI S-4800 scanning
electron microscope. Raman spectra were collected through a
Raman spectrometer with an excitation wavelength of 633 nm.
Mechanical property tests

Mechanical tensile property tests were conducted using an
Instron 3365 testing instrument measured at 25 °C. The length,
width and thickness for the band-like shape samples were 55
mm, 7 mm and ~0.07 mm, respectively. The distance between
the two clamps was 25 mm, and the crosshead speed was 5
mm min"'. The quantitative measurements of film flexibility
were conducted by rolling the films on cylindrical objects. If
the films could be successfully mounted on the objects, their
radii were used as the bending radii. The minimum radii were
used to characterize the film flexibilities.

TE performance measurements

The PPy/SWCNT composite films were cut into rectangular
shape for electrical conductivity and Seebeck coefficient
measurements. The thicknesses of the films were measured by
an optical microscope (PDV JX-40). And the pure PPy powder
samples were cold pressed at 10 MPa into pellets for TE
performance The
measured by Keithley 2000 Multimeter (Keithley Instruments

tests. electrical conductivities were
Inc, USA) using a standard four point configuration method.
The Seebeck coefficients were determined by performing a
temperature scan at one end of the sample (heating) and
measuring the temperature at two points along its length
(temperature gradient AT). The slope of the linear relationship
between the thermoelectromotive force (AV) and temperature
difference (AT ~ 10 K) was then used to obtain the Seebeck

coefficient (S = -AV/AT).
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Fig. 1 (a) Schematic illustration showing the preparation procedure for the PPy/SWCNT nanocomposites via a template-directed in situ polymerization approach with water or

aqueous ethanol as reaction medium. (b) A photograph of the PPy/SWCNT nanocomposite thermoelectric film with a diameter of ~18 cm.
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Results and discussion

As shown in Fig. 1a, the PPy/SWCNT nanocomposites were
prepared via a template-directed in situ polymerization
approach in aqueous solutions. The effects of medium, water
(H,0) or aqueous ethanol (H,O+EtOH), on the preparation,
product morphology and properties were compared. First,
with the help of sodium dodecyl sulfate (SDS), SWCNTs were
dramatically exfoliated and homogeneously dispersed in water
or aqueous ethanol. Due to the interfacial attractions of -t
interactions and van der Waals forces between SWCNTs and
the monomers of pyrrole, most of the pyrrole monomers were
adsorbed on the SWCNT surfaces, together with a small
amount of pyrrole monomers dissolved in SDS micelles.
Subsequently, in situ polymerization reaction occurred on the
SWCNT surfaces, resulting in a wrapping layer of PPy on
SWCNTs. After the composites were washed and filtrated
under vacuum, the composite films were achieved.

Fig. 1b shows a typical example of the PPy/SWCNT
composite film. A black, smooth and homogeneous film with a
diameter of approximately 18 cm can be clearly observed. By
judiciously adjusting the amount of Py monomers and SWCNTs
as well as the size of the filtration membrane, the composite
films with different sizes and thicknesses (20150 pum) could
be conveniently obtained. Compared with the previous
publications, the composite films reported herein are of larger
area and similar thickness. In addition, the films can be easily
cut into a variety of shapes including squares, circles, triangles
and stars (Fig. S171 in the Supporting Information).

The wrapping morphology for SWCNT/PPy composite was
directly observed by field-emission scanning electron
microscopic (FESEM) images. For clarity and brevity, only the
images for the composites with SWCNT:Py mass ratio of 20%

a

H20 + EtOH

1597

40% , H,0 + EtOH A
? - o, B, - rera } A
) 1593
Zr |40%, H,0 \
= P PIRPTOTIO | i GPRRo M
=
H 830! 1330 4 1584
- 1055 A
g |FRY o _/;/vﬁ/*\.., \
= 1085 1245 1589
<
g
Z |swe 2640

SWCNT 1330 A

1 T ! T 1
500 1000 1500 2000 2500 3000

Raman shift (cm’)

Fig. 2 (a) FESEM images of the composites with SWCNT:Py ratio of 20 wt%, prepared in
the medium of water or aqueous ethanol. (b) Raman spectra for the SWCNT, the neat
PPy and PPy/SWCNT composites, prepared in water or aqueous ethanol medium.

This journal is © The Royal Society of Chemistry 20xx

were shown in Fig. 2a, while other images for those at 10%,
30%, 40%, 60% and 80% mass ratios were presented in Figs.
S2t and S3*. Distinctly, unlike the scale-like granular particles
for the pure PPy (Fig. S4t), Fig. 2a reveals a quasi-one-
dimensional nanostructure for the PPy/SWCNT composite,
where PPy layers were tightly enwrapped on the SWCNT
surfaces. The average diameters for the composites were
around 70 and 60 nm, respectively, much larger than that for
the pristine SWCNTs (< 3 nm). Moreover, the small protrusions
or lumps on the outer surfaces further confirm the surface
coating of polymer layers. Similar coating morphology of
conducting polymers on reduced graphene oxide (rGO) or
carbon nanotubes (CNTs) have been reported for the TE
composites prepared by in situ polymerization route.*" In
addition, due to the reduction of the PPy relative content, the
thickness of the surface coating layers reduced with the
increase of SWCNT:Py mass ratios, ranging from 80 nm to 25
nm for the composites prepared in water with the ratios
between 10 wt% and 80 wt% (Fig. S27). In other words, the
thickness of the PPy coating layers can be conveniently tuned
by adjusting the SWCNT:Py mass ratios.

The effect of reaction medium on the surface coating
morphology should be noted. In Fig. S4t, the neat PPy
prepared in aqueous ethanol is obviously much more regular
in shape and size than that prepared in water, although both
are scale-like and granular. The latter looks like irregular
agglomerates. As for the composites, Fig. 2a, Figs. S21 and S3+
suggest that the outer coating layers for those prepared in
aqueous ethanol are distinctly uniform in morphology relative
to those prepared in water. Ethanol has been reported to have
significant effect on the morphology of neat PPy nanofibres,32
PPy spherical nanoparticles,33 PPy/rGO composites34 and
PPy/silica t:omposite35 etc., by facilitating a more smooth and
uniform morphology. It was believed to increase the solubility
of Py monomers in water and surfactant micelles,35 act as co-
surfactant to further lower the interfacial energy and optimize
the PPy chain structure during interfacial polymerization,33
increase the rGO dispersion and benefit the diffusion and
growth of Py monomers on rGO nanosheet surface.*

In order to elucidate the interfacial interaction between
SWCNTs and PPy coating layers, Raman spectra were collected.
In Fig. 2b, a typical peak for the pristine SWCNT at 1589 cm™
(G-band) is assigned to the E;; mode related to the vibration of
spz—bonded carbon atoms in 2D hexagonal lattices, while the
bands at 1330 (D-band) and 2640 cm™ (D’-band) are associated
to the disordered feature or defect structures.’® As for the
pure PPy, the bands at 930 and 1085 cm™ are assigned to the
quinonoid bipolaronic structure,37 and the bands at 1055, 1245,
1330 cm™ result from the quinonoid polaronic vibration,37
anti-symmetrical C-H in-plane bending,38 and PPy ring
stretching mode,39 respectively. Note that the strong band at
1584 cm™ is attributed to the C=C backbone stretching
vibration related to an overlap of two oxidized structures.*®*
In the Raman spectra of the PPy/SWCNT composites, both
bands characteristic of PPy and SWCNTs appear with
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Fig. 3 Stress-strain curves of tensile measurements for the PPy/SWCNT composite films.

overlapping. Here, the strongest band at 1584 em™® was
employed to study the interfacial interaction. Interestingly, the
band shifts distinctly from 1584 em™ (neat PPy) to 1593 or
1597 cm™ (PPy composites), demonstrating that strong
interfacial interactions (m—m conjugated interactions and van
der Waal’s forces) and a charge transfer from PPy to SWCNT
took place in the composites.39 Moreover, the interaction in
the composite prepared in agueous ethanol is more stronger
than that prepared in water with a larger band-shift.

Very interestingly, the herein reported PPy/SWCNT
composite films revealed important stretchability, in sharp
contrast to the lacking of mechanical strength for the neat PPy
powder. Although several free-standing TE films of conducting

18-24
we

polymers and their composites have been reported,
believe that this is the first report of stretchable composite
films with TE performance. The mechanical tensile stress-strain
curves shown in Fig. 3 reveal that all of the films belonged to
brittle fracture without yielding phenomena. Obviously, both
SWCNT:Py mass ratios and reaction medium have important
effects on mechanical tensile properties. Further detailed data
including fracture strengths, tensile moduli and elongations at
break were illustrated in Table 1. With the increase of
SWCNT:Py ratios, the mechanical properties
substantially first. The fracture strengths and tensile moduli
reached the maxima at 40 wt% and then decreased. On the
other hand, the composites prepared in aqueous ethanol

increased

Table 1 Mechanical tensile properties for the PPy/SWCNT composite films.

——H0
12 —— H,0 + EtOH

Minimum bending radius (mm) €

o 20 0 [ 8
SWONT : Py (wt%)

Fig. 4 (a) Digital photographs show that the PPy/SWCNT nanocomposite films exhibited
excellent flexibility, and could withstand high levels of deformations by bending, rolling
and twisting. (b) Photograph of measurement of minimum bending radius by rolling on
a cylindrical object. (c) Minimum bending radii for the composite films with different
SWCNT:Py mass ratios, prepared in water or aqueous ethanol medium.

revealed greatly increased mechanical properties relative to
the corresponding composites prepared in water. For example,
when the SWCNT:Py ratio was 40 wt%, the fracture strength,
tensile modulus and elongation at break for the composite
prepared in aqueous ethanol were 14.2+1.5 MPa, 655+50 MPa
and 3.2+0.2%, respectively, much larger than those of the
corresponding composite prepared in water (10.0+2.8 MPa,
595+108 MPa and 1.7+0.2%, respectively). The significant
increase of mechanical stretchability may result from the
strong interfacial interactions (confirmed by Raman spectra)
and surface wrapping morphology (shown in FESEM images),
which led to effective stress transfer in the composite films.
On the other hand, high SWCNT content resulted in possible

aggregates and thus deteriorated the mechanical stretchability.

Fig. 4 presents the results of the qualitative and
quantitative studies of the flexibility for the PPy/SWCNT
composite films. The digital photographs shown in Fig. 4a
clearly confirm that the PPy/SWCNT composite films reported
herein exhibited excellent flexibility. Rather than flexibility
18,20-22 the

composite films reported herein could withstand high levels of

characterization by simple bending in most cases,

versatile deformations by bending, rolling and twisting without
obvious cracking or damage.

Fracture strength

Tensile modulus

Elongation at break

SWCNT:Py (MPa) (MPa) (%)
(wt%) H,0 H,0+EtOH H,0 H,0+EtOH H,0 H,O+EtOH
20 5.1+1.9 9.541.6 398493 547426 1.520.3 2.50.2
30 5.4+0.4 14.2+¢1.1 486£62 682+112 1.50.1 3.2¢0.2
40 10.0+2.8 14.2¢1.5 595+108 655+50 1.70.2 3.1:0.3
60 5.8+0.6 7.3%1.5 353451 418+48 2.0£0.3 2.6:0.3
80 5.1¢1.7 8.340.6 375499 35749 1.7:0.1 3.1:0.4
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Fig. 5 Electrical conductivities, Seebeck coefficients and power factors at room
temperature for the neat PPy and the PPy/SWCNT composite films. The dashed line is
the theoretical calculated value based on physical mixing rule.

PAPER

PPy/SWCNT composite film could reach less than 0.6 mm,
confirming the super flexibility.40 Indeed, the film minimum
bending radii were also strongly dependent on SWCNT:Py ratio
and reaction medium. They reduced sharply at low SWCNT:Py
ratios, and then reached its minimum. On the other hand,
aqueous ethanol could increase the flexibility of the composite
films, compared with the reaction medium of water.

Fig. 5 shows the electrical conductivities, the Seebeck
coefficients and the power factors of the PPy/SWCNT
composite films. The neat PPy prepared in water exhibited a
low TE performance, with a low electrical conductivity of
4.6x0.1 S cm'l, a small Seebeck coefficient of 9.4+0.3 nv K'l,
and a low power factor of 0.041+0.003 pW m™ K?. The

As mentioned above, no quantitative investigations of film

flexibility for polymer TE composites have been reported so far.

Here, the super flexibility was quantitatively measured by
minimum bending radius via rolling on a cylindrical object (Fig.
4b). Very interestingly, the minimum radius for the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 (a) Bending measurement with a bending radius of 2 mm using a self-
made instrument. (b) Thermoelectric performance for the nanocomposite
(SWCNT:Py mass ratio of 40 wt%, using aqueous ethanol) before and after
bending. (c) Dependence of mechanical stretching on thermoelectric
performance for the PPy/SWCNT composite (40 wt%, aqueous ethanol) film.
Insets are the FESEM images showing no cracks after (b) bending for 1000
times or (c) stretching to 2.6%.
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corresponding TE performance for the PPy prepared in
aqueous ethanol were 2.2#0.2 S cm™, 16.0£0.7 pV K* and
0.06+0.01 pW m?t K2 Importantly, the composite revealed
dramatically improved TE performance. Taking the composite
with SWCNT:Py ratio of 60 wt% using aqueous ethanol as an
example, its electrical conductivity, Seebeck coefficient and
power factor reached 399+14 S cm™, 22.2+0.1 pV K" and
19.740.8 nwW m?t K? respectively. Note that the electrical
conductivity and the power factor reported herein are the
largest values for PPy composites, much higher than the
previous maxima of 101.7S cm™ and 10.2 uW m™ K? for
PPy/graphene composite.41 Moreover, the TE performance
showed obvious dependence of SWCNT:Py ratio and reaction
medium. The electrical conductivities increased rapidly until
the SWCNT:Py ratio of 60 wt% and subsequently decreased,
whereas the Seebeck coefficients for the composites were
almost independent of the SWCNT:Py ratios. As a whole, the
power factors experienced firstly a sharp increase within the

SWCNT:Py ratio lower than 60 wt% and a subsequent decrease.

On the other hand, the
complex effect on the
composites prepared in
electrical conductivities

reaction medium had a relatively
composite TE performance. The
aqueous ethanol had enhanced
but slightly reduced Seebeck
coefficients relative to those prepared in water at the same
SWCNT:Py ratios. Thus, the TE performances for the
composites prepared in aqueous ethanol were higher than
those for the corresponding composites prepared in water.
More importantly, the composite films reported herein
exhibited excellent mechanical-stable TE performance. Fig. 6a
shows the bending measurements with a bending radius of 2
mm by a self-made instrument. As shown in Fig. 6b, after the
composite films were bent for as many as 1000 times, all of
the electrical conductivities, the Seebeck coefficients and the
power factors did not reduce compared with those before
bending. Indeed, no obvious changes occurred for the
electrical conductivities, while a slightly increase took place for
the Seebeck coefficients and the power factors. In the case of
stretching, the composite films maintained TE performance
very well after being stretched to a strain of 2.6% (Fig. 6c). To
elucidate the reason of the excellent mechanical-stable TE
performances, FESEM images were collected for the films after
being bent for 1000 times and stretched to 2.6%, respectively.
Being very similar to the composite film before bending and
stretching (Fig. S57), the inset pictures in Fig. 6b and c clearly
demonstrate that no obvious cracks could be observed,
confirming the excellent mechanical-stability of TE
performance for the present PPy/SWCNT composite films.

Conclusions

In summary, our work represents a novel insight into polymer
TE materials with stretchability, super flexibility
mechanically-stable TE performance, and a remarkable
advance toward developing mechanical-stable TE materials for
next-generation flexible devices. Both the electrical
conductivity and the power factor for the present study are
the maximum values for PPy composites. By common vacuum

and

6 | J. Mater. Chem. C, 2015, 3, 1-8

filtration method, large-area TE films with conveniently-
tuneable thicknesses and sizes were prepared, which could be
easily cut into versatile shapes. Importantly, the mechanical
tensile tests strongly confirmed the film stretchability. Very
interestingly, the film super flexibility was demonstrated by
both direct observations under deformations
(including bending, rolling and twisting) and quantitative
measurements of minimum bending radii (< 0.6 mm).
Furthermore, we first report the mechanical stability of the TE
performance after bending or stretching. In addition, ethanol
has important effects on both morphology and properties such
as to facilitate the smooth and uninform surface wrapping of
PPy on SWCNT, strengthen the interfacial interaction, enhance
the mechanical tensile property, flexibility as well as the TE
performance (electrical conductivity and power factor ) for the
PPy/SWCNT TE composites. It is reasonable to expand the
present study of PPy/SWCNT TE composites to other polymers
and polymer/inorganic composites. By fully realizing the
intrinsic advantages of polymer materials such as stretchability,
super flexibility and mechanical stability, these findings
reported herein will arouse intense interests of novel energy
materials, speed up and widen the applications of organic
polymer TE materials.
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