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In this study, flexible thermoelectric tin selenide (SnSe)/poly(3.,4-ethylenedioxythiophene):-
poly(styrenesulfonate) (PEDOT:PSS) composite films have been fabricated by the vacuum filtration
method, and their thermoelectric properties were investigated. The electrical conductivities of the
composite films have a tendency to decrease with an increase in the SnSe content, while their Seebeck
coefficients have an inverse tendency. The electrical conductivities decrease gradually with an increase
in temperature, while the Seebeck coefficients show a tendency to increase first and then decrease with
the increase in temperature. The maximum power factor (PF = 5%¢) of the composite film is obtained
when the SnSe content is 10 wt%, which is 24.42 pW m~* K=2 at 353 K. Besides, the 10 wt% SnSe/

PEDOT:PSS film exhibited excellent stability with only a 9% increase in resistance after 1000 bends under
Recelived 4th October 2020 bending radius of 4 mm. When the t t dient is 50 K, a flexible thermoelectri t
Accepted 4th November 2020 a bending radius of 4 mm. en the temperature gradient is , a flexible thermoelectric generator

fabricated by 3 legs of the 10 wt% SnSe/PEDOT:PSS film has an open-circuit voltage and maximum

DOI: 10.1039/d0ra08458a output electrical power of 3.2 mV and 13.73 nW, respectively, which demonstrates a great potential
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Introduction

In recent years, wearable devices have become increasingly
popular due to their advantages of portability, flexibility,
ductility, and integration.’* However, battery replacement is
a major issue for wearable devices. Thermoelectric (TE) devices
made of TE materials can generate electricity by converting the
temperature difference between the environment and human
skin. It can be self-powered without an external power supply.
The properties of TE materials are evaluated by the dimen-
sionless figure of merit ZT, which is defined as ZT = S°¢T/k,
where ¢, S, T, and k are electrical conductivity, Seebeck coeffi-
cient, absolute temperature, and thermal conductivity, respec-
tively. The higher conversion efficiency depends on a higher ZT,
which can be achieved by a higher power factor PF = $%¢ as well
as lower k.

In previous studies, inorganic TE material Te compounds
(such as Bi,Tes, the ZT of 0.96 peaked at 380 K,* PbTe, the ZT is
1.5 at 773 K,® Sb,Tes, the average ZT value is 1.02 among the
temperature from 300 to 680 K,° and their alloys), Pb
compounds (such as PbSe, which was doped with Na and its ZT
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application to power wearable flexible electronic devices.

> 1.2 at 850 K),” and PbS, (the maximum ZT is 1.8 for 2% Na-
doped PbTe-PbS at 800 K,* and their alloys) have been
studied. Although their ZT is extremely high, these inorganic
materials are inadaptable for wearable TE generators due to
their characteristics of being toxic, rigid, rare, and high-
priced.”"" In order to obtain a flexible TE generator, organic TE
materials, such as conducting polymers PEDOT:PSS,">** poly-
aniline (PANI)," and polypyrrole (PPy),”* have been widely
explored because of their flexibility, non-toxicity, simple-
fabrication, light-weight and low cost.**'' Among them,
PEDOT:PSS is viewed as the best organic TE material because of
its high ¢ and low k, while its thermoelectric property is lower
than inorganic TE materials, which need to be enhanced to
meet the actual wearable devices. The most common method
used to enhance the PF of PEDOT:PSS is the organic treatment.
Kim et al reported that S and ¢ were ~28 uvV K ' and
~620 S cm ! for PEDOT:PSS when mixed with dimethyl sulf-
oxide (DMSO), respectively.'® Luo et al. reported that o increased
up to ~930 S cm™ " and S went down to 17.99 pV K~ ' for the
PEDOT:PSS film with the DMSO post-treatment.** It can be seen
that S decreases gradually, while ¢ increases by the organic
treatment."” Therefore, it is difficult to greatly enhance the PF of
PEDOT:PSS due to the interdependence between S and ¢. Due to
the superior thermoelectricity of inorganic TE materials, they
have been added to PEDOT:PSS to enhance TE properties. Du
et al. prepared the composed film of 10 wt% Bi-Te based alloy
NS/PEDOT:PSS, and its PF reached 58.9 uyW m™' K~ 2 at 300 K.*®

This journal is © The Royal Society of Chemistry 2020
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Cheng et al. enhanced the TE properties of PEDOT:PSS by
mixing SnS nanobelts." Xiong et al. fabricated 3 wt% graphene-
doped PEDOT:PSS nanofilms, and their PF reached up to 53.3
UW m~' K >.2° Wang et al. reported that the hybrid of high
purity SiC-NWs with PEDOT:PSS obtained a high PF of 67.7 pyW
m~' K 2.2' Recently, SnSe as a p-type TE material with an
ultrahigh ZT of 2.6 + 0.3 was reported by Zhao et al.*> and has
shown prominent TE properties due to its high PF and ultralow
k (ref. 23-25) and has been a promising composite candidate
with non-toxic and lower cost.>® However, to the best of our
knowledge, a flexible SnSe/PEDOT:PSS TE composite film is
rarely investigated and its thermoelectric property should be
studied further.

Herein, we present a type of hybrid of flexible TE films
composed of organic conducting polymer PEDOT:PSS and
inorganic TE material SnSe via a vacuum filtration method. By
studying the effects of the SnSe content and temperature
gradient for the TE properties of the composite films, the PF was
enhanced to 24.42 yW m ™! K2 at 353 K for the 10 wt% SnSe/
PEDOT:PSS film. Also, the excellent flexibility, stability, and
output property of TE generators were studied.

Experimental

Materials

A PEDOT:PSS solution (Clevios PH1000) was bought from
Juyuan New Materials Co., LTD. Tin selenide (SnSe, 99.999%)
was purchased from Shanghai Macklin Biochemical Tech-
nology Co., LTD. The silver paste was bought from Shenzhen
Sinwe Electronic Material Co., LTD. Nylon membranes were
purchased from Yancheng Prich Experimental Instrument Co.,
LTD. The purchased SnSe particles were ground in an agate
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mortar for 2 h in a nitrogen environment. Then, the resulting
SnSe particles were rinsed with an aqueous HCI (3 vol%) solu-
tion to reduce oxidation. Further, the particles were alterna-
tively washed several times with ethyl alcohol and deionized
water, respectively. Finally, it was dried at 60 °C on a hot plate in
a nitrogen environment. Other materials were directly used
without further purification.

Fabrication of flexible SnSe/PEDOT:PSS composite films

The schematic of fabrication for the flexible SnSe/PEDOT:PSS
films are shown in Fig. 1. First, numerous contents of SnSe (0,
2.5, 5, 7.5, 10, 15 wt%) were introduced in 10 mL ethyl alcohol
and sonicated by an ultrasonic cell disruptor (Scientz, JY96-1IN)
for 1 h. Then, the upper mixtures were mixed with 0.2 mL
PEDOT:PSS and sonicated for 1 h again. After that, the above
mixtures were vacuum-filtered using nylon membranes (with
the pore size of 0.22 um). Finally, the composite films were
dried for 4 h at 60 °C in a glove box filled with nitrogen gas.

Fabrication of flexible TE generators

The 10 wt% SnSe/PEDOT:PSS film was cut into strips (2 cm x
0.5 cm) and pasted on a polyimide (PI) substrate using a double-
faced adhesive tape with an interval of 1 cm. Next, three legs
were connected in series using the silver paste to form a TE
generator. Finally, copper wires were pasted using silver paste at
the end of the TE generator to output electrical power.

Measurements and characterizations of flexible SnSe/
PEDOT:PSS films and TE generators

To evaluate the properties of SnSe/PEDOT:PSS films, o, S, carrier
concentration (n), and mobility (u) were measured. The

vacuum filtration

PEDOT:PSS

sonication

drying

— JJ 1]

SnSe/PEDOT:PSS

Fig. 1 Schematic of the fabrication process for the flexible SnSe/PEDOT:PSS composite films.
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electrical resistivity and S were simultaneously measured in the
helium (He) environment by the standard four-probe method in
an LSR-3 Seebeck & Electric Resistivity Unit (Linseis, Germany)
with the temperature gradient (~10 K) between two ends of the
films. n and u of the films were measured using the van der
Pauw four-probe method in an HCS 1 Hall-effect measurement
(Linseis, Germany). The morphologies and thickness of the
samples were characterized by SEM (Zeiss, SUPRA-55) with
energy-dispersive X-ray spectroscopy (EDS). In addition, Raman
spectra were used to analyze the structure of SnSe/PEDOT:PSS
films by a Raman spectrometer (Renishaw, inVia Microscope).
The bending test was performed using metal sticks with
different diameters. The output voltage and output electrical
power of the flexible TE generators were measured by a home-
made circuit (Fig. S11). The cold side temperature was kept by
a circulating water system and the hot side temperature was
raised by the heating stage to estimate the output properties of
TE generators. An amperemeter (Keithley 6514) and a resistance
box are connected in series with the TE generator, and the
output voltage of TE generators under different resistances and
temperature gradients were tested using a digital multimeter.

View Article Online

Paper

Results and discussion

To observe the effects of different contents of SnSe on the
morphology of films, their SEM images were recorded and are
shown in Fig. 2. It is obvious that the SnSe particles are
homogeneously dispersed in the PEDOT:PSS matrices and the
number of SnSe particles become on the surface of the films
increase with an increase in the SnSe content from 2.5 wt% to
15 wt%. This indicates that SnSe was successfully added to
PEDOT:PSS to form composite films. In addition, different sizes
of SnSe particles are observed in Fig. 2, which can be ascribed to
the ground raw material of SnSe with sizes of several um.

In order to study the elemental composition of the
composite films, Fig. 3 shows the EDS spectrum of the SnSe
particles in the 2.5 wt% SnSe/PEDOT:PSS film. Sn and Se are the
main elements in the EDS spectrum and the appearance of C, O,
and S elements originates from PEDOT:PSS (the illustration of
Fig. 3b). Furthermore, the atomic ratio of Sn: Se is 1:1.079,
near unity.

To analyze the internal bonding structure of SnSe/
PEDOT:PSS films, the Raman spectra of 0 wt% SnSe/
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Fig.3
structure of PEDOT:PSS.
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(b) Point scanning EDS spectrum of the selected area in (a) 2.5 wt% SnSe/PEDOT:PSS SEM image and the illustration of (b) is the molecular
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Fig. 4 (a) Raman spectra of O wt% SnSe/PEDOT:PSS; (b) Raman spectra of 2.5 wt% SnSe/PEDOT:PSS.

PEDOT:PSS and 2.5 wt% SnSe/PEDOT:PSS films are shown in
Fig. 4. In Fig. 4a, the curves present the typical peaks of
PEDOT:PSS at 1428 cm ™" and 1580 cm™'. The bands between
1400 and 1500 cm ' are caused by the C,—Cp symmetric
stretching vibration of the benzoid structures in the thiophene
rings.’*” The peak at 1580 cm ™' is attributed to the C,=Cjp
antisymmetric stretching.’® A, and Bj, are the characteristic
plane phonon vibration modes in b and ¢ directions, respec-
tively.?® It can be observed that the peak 108 cm ™" conforms to
the B, phonon mode and 130 cm ™', and 150 cm ™' accords with
the A, phonon mode of SnSe in Fig. 4b. The peak of 185 cm ™" is
the Ag; mode, corresponding to the characteristics of SnSe, and
232.6 cm ', while 255 cm ™! indicates the presence of Se.>® The
existence of Se and SnSe, indicates that the SnSe raw material is
not pure. After the introduction of SnSe particles, the
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340 360
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300 320 380 400

characteristic peaks of PEDOT:PSS shift to 1423 ecm ' and
1578 cm ', which was caused by the size-induced phonon
confinement and surface relaxation.*® The above results once
again indicate that SnSe particles were successfully added to the
PEDOT:PSS matrix.

The effects of different SnSe content and temperature on o,
S, and PF of SnSe/PEDOT:PSS composite films are shown in
Fig. 5 (the thicknesses of the films were measured by SEM, the
cross-sectional 2.5 wt% SnSe/PEDOT:PSS of is shown in Fig. S21
and their thickness is in the range of 2.57-5.80 pm as listed in
Table S11). Fig. 5a shows that ¢ of all composite films is lower
than that of the 0 wt% SnSe/PEDOT:PSS film with an increase in
the SnSe content from 0 wt% to 15 wt% at 303 K, which
decreases gradually from 782.5 S cm™' to 378.9 S cm .
Simultaneously, ¢ of all composite films have a tendency to
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Fig. 5 Temperature dependence of (a) g, (b) S, and (c) PF of different SnSe content films.
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decrease with the increase in temperature. In Fig. 5b, S of the
composite films reached up to 21.28 pV K~ * for 15 wt% SnSe/
PEDOT:PSS at 303 K, which is higher than that for 0 wt%
SnSe/PEDOT:PSS (13.18 uV K ' at 303 K). Besides, S of the
composite films increases first and then decrease slowly when
the temperature changes from 303 K to 393 K. Also, the
temperature points of the S peak for different SnSe contents are
different. As an important index for thermoelectric films, PF of
the composite films are shown in Fig. 5c. The PF of 2.5 wt%
SnSe/PEDOT:PSS (12.5 pW m™> K™ ') is smaller than that of
0 wt% SnSe/PEDOT:PSS (13.6 pW m ™ > K™ ') at 303 K, which is
caused by the sharp decrease of ¢ and slight increase of S, while
the increase in PFs for other composite films are mainly caused
by the large increase of S at 303 K. Also, PF has a similar
tendency of S for all composite films with the temperature. The
maximum of PF shifts to the higher temperature with the
increase in the SnSe content because SnSe has an excellent
thermoelectric property at a higher temperature. The maximum
of PF is achieved for the 10 wt% SnSe/PEDOT:PSS film at 353 K,
which is 24.42 yW m 2 K™%

The change in ¢ and S is closely related to n and pu, the
change of n and u with different SnSe contents and tempera-
tures are measured to investigate the internal essence as shown
in Fig. 6. Fig. 6a shows the Hall measurement results of

340 360 380 400

Temperature (k)

300 320

(a) n and u of different SnSe content composite films at 303 K; (b) temperature dependence of the n and u for 10 wt% SnSe/PEDOT:PSS.

different SnSe contents at 303 K. With the increase in SnSe
contents from 0 wt% to 15 wt%, n decreases gradually from 9.3
x 10** em ™ t0 4.53 x 10°? em?, and the u of composite films is
among 0.046-0.060 cm > V' s', The electrical conductivity is
defined as the following equation:*®

(1)

g = neu

where e is the electron charge. n has a bigger decrease than the
increase of u. Therefore, n is the main reason for the decrease in
o with the increase in the SnSe content at 303 K. The Seebeck
coefficient is defined as the following equation:**

S = (8m’kp/3eh)m* x T(w/3n)*> (2)
where m* is the efficient mass of the carrier, kg is the Boltzmann
constant, & is the Planck's constant. When the temperature is
constant, S is inversely proportional to 2/3 of n. Therefore, the
increase in S is caused by n decreasing with the increase in SnSe
content at 303 K. In Fig. 5, the change rules of ¢ and S are
consistent for all composite films with temperature and then
the 10 wt% SnSe/PEDOT:PSS film is selected as the research
object here.

The temperature dependence of n and u of the 10 wt% SnSe/
PEDOT:PSS film is shown in Fig. 6b (the temperature
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(a) The relative resistance change of the 10 wt% SnSe/PEDOT:PSS in response to the bending cycles for the bending radius of 4 mm; (b)

the relative resistance change of the 10 wt% SnSe/PEDOT:PSS in response to the bending radius for the 500 bends.
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dependences of n and u of other SnSe content composite films
are shown in Fig. S31). When the temperature rises from 303 K
to 393 K, n decreases first from 5.18 x 10> cm > to 4.16 x 10*2
cm? and then increases rapidly to 4.68 x 10**> cm . The u of
10 wt% SnSe/PEDOT:PSS increases from 0.0576 cm®> V™' s~ to
0.0653 cm® V' 57" and then decreases to 0.0571 cm® V' s
Therefore, the main reason for the decrease of ¢ is that n
decreases obviously and the u increases infinitesimally from
303 K to 393 K. For the composite materials, the S is defined as
the following equation:*!

S = (kple)(E — Ep)lkgT (3)
where E and Er are the energies of the localized state and the
Fermi level, respectively. The decrease in n will enlarge the
distance between Ey and the conduction band, leading to the
increase in S. In brief, ¢ and S are mainly dependent on n, which
affects the PF of the composite films. Therefore, different SnSe
contents have different PF peaks caused by n and u.

Excellent flexibility is the most desired for wearable appli-
cations, which can fit the curved surface of the body. The flex-
ibility test on 10 wt% SnSe/PEDOT:PSS TE leg was carried out to
evaluate its stability by the change in resistance, as shown in
Fig. 7. In Fig. 7a, the resistance increases with the number of
bends under a bending radius of 4 mm, and it only increases by
9% after 1000 cycles, indicating excellent stability. In Fig. 7b,
the resistance increment decreases with the increase in the
bending radius under bending 500 cycles (the illustration in
Fig. 7b is a photo of the flexible test for the TE leg). In

(a) 3.5

~— 10 wt %SnSe/PEDOT:PSS TEGs
Fitted curve

w
=]
T

54
n
T

Output voltage (mV)
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—
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conclusion, the composite films show good flexibility and
stability, which are suitable for wearable applications.

To verify the practical application ability of the TE film, the
corresponding TE generator was constructed and evaluated in
practice. The graph in Fig. 8 corresponds to the output voltage
and output electric power of the 3-leg TE generator. In Fig. 8a,
the black wire shows the output voltage of the 10 wt% SnSe/
PEDOT:PSS TE generator, which is nearly proportional to the
temperature gradient (the red wire is a fitting curve of output
voltage of 10 wt% SnSe/PEDOT:PSS TE generator and temper-
ature gradient). In Fig. 8b, the relationship between the output
voltage, output electric power, and output current are measured
at the temperature gradient of 50 K. It should be noted that the
open-circuit voltage and the maximum output electric power of
the TE generator are 3.2 mV and 13.73 nW, respectively. The
open-circuit voltage can be calculated by the equation:

U,=N x S x AT (4)
where N is the number of TE leg, S and AT are the Seebeck
coefficient and temperature gradient of the cold side and the
hot side, respectively. In this study, S is ~23.7 uV K" and the
calculated open-circuit voltage U, is 3.555 mV, which is close
to the measured value. The difference between calculated
voltage and measured voltage is mainly due to the error in the
temperature measurement. In addition, the output property of
the TE generator with 4 couples of 10 wt% SnSe/PEDOT:PSS
and silver is tested, as shown in Fig. 8c. The TE generator is
stuck on the side of the beaker with hot water, and an output
voltage of 1.8 mV was achieved at the temperature gradient of

(b)3.5
14
3.0
2
~~ 7~
>25
g &
[ [
,%D 2.0 g
° 2
> 1.5 o
- =
g &
= =
E 1.0 3
0.5
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Fig. 8

(a) The output voltage of the 3-leg TE generator depending on different temperature gradient; (b) the output voltage and output power of

the 3-leg TE generator depending on different output currents at the temperature gradient 50 K; (c) digital photo of the output property for the

flexible TE generator with 4 legs.
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30 K, which has the potential to power wearable electronic
devices.

Conclusions

In summary, different SnSe content composite films have been
prepared by the vacuum filtration method, and the SnSe parti-
cles were homogeneously dispersed in the films. The maximum
PF value of the composite film was improved to 24.42 yW m "
K2 of 10 wt% SnSe/PEDOT:PSS at 353 K. A TE generator with 3-
leg of 10 wt% SnSe/PEDOT:PSS could generate the output
voltage of 3.2 mV and the maximum output electric power of
13.73 nW at the temperature gradient of 50 K. The SnSe/
PEDOT:PSS films also displayed higher flexibility, which may
have the potential to power wearable electronic devices.
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