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Improvement of thermoelectric properties of composite
films of PEDOT-PSS with xylitol by means of stretching
and solvent treatment

Shoko Ichikawa1 and Naoki Toshima1,2

Organic thermoelectric materials have advantages, such as their use in the easy and low-cost fabrication of flexible devices

with a large area that can convert waste heat energy into electricity and vice versa. The critical point of the materials is

their electroconductivity and flexibility for practical applications. Stiff and brittle poly(3,4-ethylenedioxythiophene)

poly(4-styrenesulfonate) films are known to become flexible by forming composites with xylitol. Thus, we prepared flexible

poly(3,4-ethylenedioxythiophene) poly(4-styrenesulfonate)/xylitol composite films and evaluated their thermoelectric properties.

Stretching the composite films, fabricating composite films by adding dimethyl sulfoxide, and treating the films with dimethyl

sulfoxide and/or pure water were found to increase the electrical conductivity and improve the thermoelectric properties of

the films.
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INTRODUCTION

The 11th March disaster in 2011 in the Tohoku region, Japan, and the
subsequent accident at the Fukushima Dai-ichi nuclear power station
highlighted the importance of saving energy and developing a new and
eco-friendly form of energy. Converting low-temperature waste heat
into electricity is helpful for saving energy in general.1–3 Since their
discovery in 19774, conducting polymers have been applied to
organic electronic devices as actuators, condensers, electrodes, and for
other purposes because of their advantages such as flexibility, light
weight, easy processing and environmentally friendly properties.5

Poly(3,4-ethylenedioxythiophene) poly(4-styrenesulfonate)6 is one of
the most useful materials among the many conducting polymers
that have been synthesized for decades because it is highly electro-
conductive and is commercially available as an aqueous dispersion.
Recently, organic thermoelectric materials have received much

attention for their conversion of heat energy (temperature difference)
into electricity and vice versa.1–3 The critical point of the organic
thermoelectric materials is their electroconductivity and flexibility
when they are used as films in practical devices. We started research
into the organic thermoelectric properties of conducting polymers in
the late 1990s by using conducting polyaniline7 and found that their
low thermal conductivity is one of the most important advantages of
organic thermoelectronics.8

It is well known that stretching conducting films causes polymer
chain orientation, which increases the electrical conductivity (σ) of the
film.9 We reported that stretching polyaniline films increased the
electrical conductivity and resulted in an improvement of the

thermoelectric performance.10 The reason can be clarified by
equation (1), where e, n and μ are the electrical charge of the carrier,
carrier concentration and carrier mobility, respectively.11 The equation
indicates that the electrical conductivity (σ) is proportional to the
carrier mobility (μ), which may increase with the increasing
orientation of the polymer chains by stretching. This increase in the
electrical conductivity can lead to an increasing figure-of-merit (ZT),
as obtained using equation (2), in which S, T and κ are the
Seebeck coefficient, absolute temperature and thermal conductivity,
respectively.11 The Seebeck coefficient can be characterized by
equation (3), where m*, k and h are the effective mass of the carrier,
Boltzmann constant (1.38× 10− 23 J K− 1) and Planck constant
(6.63 × 10− 34), respectively.11 The thermal conductivity, k, can be
calculated as the product of the thermal diffusivity (α), density (ρ) and
specific heat (Cp) as shown in equation (4).11 We have successfully
prepared highly electroconductive polyphenylenevinylene derivatives
by using the stretching technique, which resulted in organic thermo-
electric materials with ZT= 0.1.12

s ¼ enm ð1Þ

ZT ¼ S2sT=k ð2Þ

S ¼ p2k2m�T

3p2ð Þ2=3h e n2=3
ð3Þ

k ¼ arCp ð4Þ
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The improvement of thermoelectric performance (increase of ZT
value) can be achieved by increasing S and σ and by decreasing κ
according to equation (2). The S value can be enhanced by increasing
m* and decreasing n, according to equation (3). The m* value is
determined by the type of material. A decrease of the carrier
concentration n decreases the electrical conductivity σ at the same
time, according to equation (1). Conversely, an increase in carrier
mobility μ can directly increase the electrical conductivity σ according
to equation (1), and has no direct effect on the Seebeck coefficient S
and thermal conductivity κ. Thus, the stretching technique is expected
to provide an excellent method to improve the ZT value by increasing
the carrier mobility μ.
It was recently reported that PEDOT-PSS films, which were stiff

and brittle by themselves, became flexible by forming composites with
xylitol and that the stretched composite films had higher electrical
conductivity than the pristine films did before the stretching.13

In addition, it is well known that both preparing films by casting a
PEDOT-PSS aqueous solution containing dimethyl sulfoxide
(DMSO)14–16 and rinsing PEDOT-PSS films with pure water17 can
improve the electrical conductivity of the films.
In the present paper, we first report the preparation of flexible

composite PEDOT-PSS films containing xylitol and the evaluation of
their thermoelectric properties. In addition, stretching the composite
films, preparing the composite films by adding DMSO and treating the
films with pure water were carried out to increase the electrical
conductivity and improve the thermoelectric properties of the films.

EXPERIMENTAL PROCEDURE

Film preparation
The PEDOT-PSS films were prepared by casting a commercial dispersion of

PEDOT-PSS in water (Clevious PH1000, Heraeus Precious Metals GmbH &

Co. KG, Leverkusen, Germany, 1 wt.%) on a quartz substrate and drying at 40–

50 °C for 15 h and then at 110 °C for 2 h in a vacuum oven.
To prepare the free-standing flexible composite films of PEDOT-PSS

and xylitol, a composite dispersion was prepared by adding xylitol powder

(Sigma-Aldrich Co., St Louis, MO, USA, 50 wt.% of poly(3,4-ethylenediox-

ythiophene) poly(4-styrenesulfonate)) to the PEDOT-PSS dispersion and

stirring the mixture with a magnetic stirrer for 1 h. The dispersion was put

into a Teflon petri dish and then dried on a hot plate at 50 °C for ~ 12 h in air

to produce the thick cast composite films.

Stretching of films
The film, which was 50–150 μm thick, 6.0 cm long and 0.5, 1.0, 1.5 or 2.0 cm
wide, was held with both hands at both edges of the film and stretched under
controlled heating at ~ 60 °C on a home-made electric heater. The stretched
films were then annealed on a hot plate at 140 °C for 1 h. The stretched films
thus prepared were plastic under ordinary conditions and could not be
repeatedly stretched at all. The stretching ratio was calculated as a percent by
the lengths before and after stretching.

DMSO addition
PEDOT-PSS(DMSO) and PEDOT-PSS(DMSO+xylitol) films were prepared by
casting the dispersion prepared by adding only 5 wt.% of DMSO (Sigma-
Aldrich) and both 5 wt.% of DMSO and 50 wt.% of xylitol to the PEDOT-PSS
dispersions. All of the films were dried on a hot plate at 40–50 °C for 12 h. The
PEDOT-PSS(DMSO) films were further heated at 110 °C for 2 h in vacuum,
and the PEDOT-PSS(DMSO+xylitol) films were heated at 140 °C for 1 h on a
hot plate in air.

DMSO and water treatment of the films
Instead of adding DMSO to the PEDOT-PSS aqueous solution and casting the
solution to form the films, the dried films were soaked in DMSO for 1 h at
room temperature, removed from the solution and dried by heating at 140 °C
for 1 h on a hot plate in air.
For the water treatment, the surfaces of the PEDOT-PSS(xylitol) films were

covered by a small amount of pure water for 30min. After removing the water
from the surface with a pipette, the films were dried at 140 °C for 1 h on a hot
plate in air.

Measurement of the thermoelectric properties
The Seebeck coefficients and electrical conductivity were measured at least two
times with a ULVAC ZEM-3 M8 instrument (ULVAC-RIKO Inc., Yokohama,
Kanagawa, Japan) at 330–430 K under vacuum with He or with Lorester
(Mitsubishi Chemical Analytech Co. Ltd, Chigasaki, Kanagawa, Japan, for
electrical conductivity) at room temperature. X-ray diffraction spectra of these
films were measured by a Rigaku Corporation RINT-TTRIII X-ray diffract-
ometer (Rigaku Corp., Akishima, Tokyo, Japan) using a CuKα ray at the UBE
Science Analysis Laboratory, Inc, Ube, Yamaguchi, Japan. The measurement of
the thermal diffusivity (κ) was carried out with a Netzsch LFA 447 Nanoflash
Xe flash analyzer (Netzsch Japan Ltd, Yokohama, Kanagawa, Japan), the density
(ρ) was calculated by the volume and mass, and the specific heat (Cp) was
measured using a Netzsch DSC F1 Phoenix instrument (Netzsch Japan Ltd) at
273–423 K.

RESULTS AND DISCUSSION

Stretching characteristics
Although the PEDOT-PSS films were stiff and brittle, the composite
films of PEDOT-PSS(xylitol) were flexible and soft. Thus, the
composite films could be stretched by applying a force in the direction
parallel to the plane at ~ 60 °C. The color of films was the same before
and after the stretching. Although the stretched films became wavy,
they kept their shape and size under ordinary conditions and became
slightly stronger than the pristine films. Because the stretching was
carried out by hand, the narrow films were more easily stretched than
the wide films were. The width of the pristine PEDOT-PSS(xylitol)
composite films for stretching was observed to be inversely propor-
tional to the stretching percentage of the stretched film, as shown in
Figure 1.
The higher the stretching percentage of the films was the thinner

the thickness was compared with the films that had the same film
width. The stretching percentage of films that were 0.5 cm in width
was two times as great as those that were 2.0 cm in width.
The thermoelectric properties of the stretched composite films

are shown in Figures 2, 3 and 4. First, the narrower the film width, the
higher the electrical conductivity was. In addition, the greater the

Figure 1 Relation between the film width before stretching and the
stretching percentage after stretching PEDOT-PSS films containing 50 wt.%
xylitol of PEDOT-PSS. A full color version of this figure is available at
Polymer Journal online.
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stretching percentage, the higher the electrical conductivity was for
the rather narrow films, as shown in Figure 2. The results are
consistent with those shown in Figure 1. There was a tendency for
thinner films to have a higher electrical conductivity, as occurred in
the case of narrow films that were 0.5 cm and 1.0 cm in width. This
was not the case in wider films. Second, there was a slight correlation
between the thickness and Seebeck coefficient of the stretched films
and no correlation between the thickness and electrical conductivity at
all, as shown in Figure 3. Third, Figure 4 shows that the electrical
conductivity of the stretched composite film was clearly proportional
to the stretching percentage, though little change can be observed in
the Seebeck coefficient.

Improvement of thermoelectric properties
Table 1 summarizes the thermoelectric properties of the PEDOT-PSS
films examined in this research: the pristine film (PEDOT-PSS, no. 1),
the film prepared by the addition of DMSO (PEDOT-PSS(DMSO),
no. 2), the composite film with xylitol (PEDOT-PSS(xylitol), no. 3),
and the composite film prepared by the addition of DMSO
(PEDOT-PSS(DMSO+xylitol), no. 4). The composite films PEDOT-
PSS(xylitol) and PEDOT-PSS(DMSO+xylitol) rinsed with water are
also shown as PEDOT-PSS(xylitol)+rinsed (no. 5) and PEDOT-PSS
(DMSO+xylitol)+rinsed (no. 6), respectively. Table 2 shows the

estimated thermal conductivity, κ, of the PEDOT-PSS(xylitol) film
to be 0.234± 0.009Wm− 1 K, based on the data of α, ρ and Cp.
It is known that PEDOT-PSS films that are prepared by the addition

of DMSO, abbreviated as PEDOT-PSS(DMSO) in this paper, have a
much higher electrical conductivity and a slightly lower Seebeck
coefficient than do those prepared without DMSO.14–16 In fact,
as shown in Table 1. PEDOT-PSS(DMSO) films have an electrical
conductivity and Seebeck coefficient of 500–600 S cm− 1 and
~ 15 μVK− 1, respectively, although the values depend on the thickness
of the film. These values are much higher for the electrical
conductivity and slightly lower for the Seebeck coefficient compared
with those of the pristine film, as shown for film no. 1 in Table 1
(which has an electrical conductivity of 4.03± 0.68 S cm− 1 and a
Seebeck coefficient of 18.2± 0.5 μVK− 1). According to equations (1)
and (3), the PEDOT-PSS(xylitol) films, which were prepared by the
addition of 50 wt.% xylitol instead of 5 wt.% DMSO, were expected to
have a lower electrical conductivity and a higher Seebeck coefficient
value than the pristine PEDOT-PSS films because the carrier
concentration, which can be diluted by the insulating xylitol, is
inversely proportional to the Seebeck coefficient and proportional to
the electrical conductivity, based on these equations. However, the
results shown in Table 1 are not consistent with the expectation.
The significantly high electrical conductivity could be understood by
considering that xylitol, a type of polyol, may work like DMSO or
ethylene glycol.14–16

Because the addition of DMSO can increase the electrical con-
ductivity and because the addition of xylitol can improve the Seebeck
coefficient compared with that of PEDOT-PSS(DMSO), PEDOT-PSS
films, including both DMSO and xylitol, were prepared for examina-
tion. Unfortunately, those films (no. 4 in Table 1) did not provide a
good result. In contrast, when PEDOT-PSS(xylitol) films were rinsed
with water (no. 5 in Table 1) or treated with DMSO and then rinsed
with water (no. 6 in Table 1), the improvement of the Seebeck
coefficient alone or of both the Seebeck coefficient and the electrical
conductivity was achieved, as shown in Table 1.
Meanwhile, because stretching is a useful technique to improve the

electrical conductivity10 and because the PEDOT-PSS(xylitol) films are
stretchable, the stretching of PEDOT-PSS(xylitol) films was carried
out to improve the thermoelectric properties. The films showed

Figure 3 Relation between the stretched film thickness and the Seebeck
coefficient (closed diamond) or the electrical conductivity (open diamond) of
PEDOT-PSS films containing xylitol (50 wt.% of PEDOT-PSS). A full color
version of this figure is available at Polymer Journal online.

Figure 4 Relation between the stretching percentage and the Seebeck
coefficient (closed diamond) or the electrical conductivity (open diamond) of
PEDOT-PSS films containing xylitol (50 wt.% of PEDOT-PSS). A full color
version of this figure is available at Polymer Journal online.

Figure 2 Relation between the film width before stretching and the electrical
conductivity of the stretched PEDOT-PSS composite films containing xylitol
(50 wt.% xylitol of PEDOT-PSS). The thickness and stretching percentage of
the stretched films are shown in parentheses. A full color version of this
figure is available at Polymer Journal online.
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similar electrical conductivity values to PEDOT-PSS(DMSO) without
decreasing the Seebeck coefficient, as shown in no. 7 in Table 1.
A similar improvement in the electrical conductivity was observed by
comparing no. 8 with no. 5 and no. 9 with no. 6 in Table 1.
These improvements in the electrical conductivity are attributed to
the improvement in the alignment of the polymer chains.9,12 X-ray
diffraction spectra were measured, as shown in Figure 5. The results
are not very clear, but a small shift of the peaks to larger 2θ values can
be detected in samples nos. 7 and 9 compared with those of nos. 3
and 6, respectively, which may suggest a slight improvement in the
alignment by shortening the intermolecular distance. To clarify the
difference in X-ray diffraction patterns, the full-width at-half-
maximums of those four diffraction peaks at 2θ~26° were analyzed,
and the crystal sizes based on the corresponding peaks were calculated

using the Scherrer equation. The results show that the peaks of nos.
3, 6, 7 and 9 had full-width at-half-maximums of 0.444, 0.444, 0.356
and 0.311 degrees, which correspond to crystal sizes of 33.5, 33.5, 41.8
and 47.9 nm, respectively. Hence, the crystal sizes of the stretched
PEDOT-PSS(xylitol) composite films (nos. 7 and 9) were greater than
those of the non-stretched films (nos. 3 and 6). It was discovered that
stretching the films improved the polymer alignment and enlarged the
crystalline parts of the polymer, which resulted in an increase in the
electrical conductivity of the films.
The effect of treatment with both DMSO and water on the electrical

conductivity of the composite films is clearly shown in Table 1 as a
comparison of the data of nos. 8 and 9 with those of no. 7. In the
X-ray diffraction patterns, all of the spectra in Figure 5 have peaks at
2θ ~17.5° and 26°. The former peak comes from PEDOT, and the
latter comes from PSS.18

Although the X-ray diffraction pattern difference in Figure 5 is not
clear, a small shift to larger angles may be detected. Thus, the distance
between PEDOT rings could be slightly shortened by stretching, which
would result in a small shift to a higher angle in these peaks. In
contrast, nos. 6 and 9 that contain DMSO, have peaks at 2θ~4° and
11°, which might imply that the DMSO works to change the crystal
structure and results in an improvement of the PEDOT molecular
alignment. To clarify the DMSO and water treatment effect, the
crystalline sizes calculated from the X-ray peaks were compared
between samples no. 3 (crystal size 33.5 nm) and no. 6 (crystal size
33.5 nm) among the non-stretched films and between samples no. 7
(crystal size 41.8 nm) and no. 9 (crystal size 47.9 nm) among the
stretched films. There is no difference between the non-stretched
samples no. 3 and 6, but there is a clear difference between the
stretched samples no. 7 and no. 9. Thus, in the non-stretched samples
nos. 3 (crystal size 33.5 nm) and 6 (crystal size 33.5 nm), the increase
in the electrical conductivity owing to the treatment with DMSO and
water might be caused not by the improvement of the polymer

Table 1 Thermoelectric properties of PEDOT-PSS films with/w.o. 5 wt.% DMSO and/or 50 wt.% xylitol

No. sample S μV K−1 σ S cm−1 PF μWm−1 K2

ZT (κ=0.234±0.009 of

PEDOT-PSS(xylitol) film at ca. 50 °C) Thickness μm Temperature K

1 PEDOT-PSS 18.2±0.5 4.03±0.68 0.135±0.03 0.000262±0.000062a 6.8±1.0 329.8±0.3

2 PEDOT-PSS(DMSO) 15.3±0.5 556±2 12.9±0.7 0.0249±0.0015a 47.3±0.8 328.1±1.0

3 PEDOT-PSS(xylitol) 18.9±0.9 278±23 9.87±0.11 0.0138±0.0002 57.3±6.4 327.7±0.7

4 PEDOT-PSS(DMSO + xylitol) 14.2±0.2 426±9 8.63±0.12 0.0121±0.0001 82.9±1.9 327.7±1.0

5 PEDOT-PSS(xylitol) + rinsed 19.0±1.2 231±14b 8.47±1.53 0.0119±0.0022 52.2±1.9 329.1±0.6

6 PEDOT-PSS(xylitol) + DMSO and rinsed 18.9±2.3 677±86 23.8±2.9 0.0334±0.0041 38.3±1.2 328.6±1.1

7 Stretched 80% PEDOT-PSS(xylitol) 18.5±0.6 585±38 19.9±0.1 0.0279±0.0001 69.5±6.2 328.1±0.6

8 Stretched 40% PEDOT-PSS(xylitol) + rinsed 17.9±1.3 372±33b 11.9±2.8 0.0167±0.0039 54.4±3.0 328.2±0.8

9 Stretched 40% PEDOT-PSS(xylitol) + DMSO

and rinsed

18.1±1.6 1155±115 37.2±2.6 0.0522±0.0036 31.0±1.0 328.2±0.8

Abbreviations: DMSO, dimethyl sulfoxide; PEDOT-PSS, poly(3,4-ethylenedioxythiophene) poly(4-styrenesulfonate).
aκ=0.17±0.01 of PEDOT-PSS(DMSO) film at ca. 50 °C.
bMeasured by Lorester.

Table 2 Data for κ estimate of PEDOT-PSS(xylitol) films

Sample Thickness μm α mm2s−1 (ca. 50 °C) ρ g cm−3 (room temperature) Cρ J g−1 K (ca. 50 °C) κ Wm−1 K

3–1 186±8 0.114±0.004 1.47±0.06 1.40±0.04 0.234±0.025

3–2 53.1±2.1 0.103±0.005 1.62±0.07 1.40±0.04 0.234±0.028

Cp value was measured for the PEDOT-PSS(xylitol) film with 82.0 μm thick.

Figure 5 X-ray diffraction patterns of our PEDOT-PSS(xylitol) films: (a), the
film without treatment, no. 3. (b), the film without stretching and with
DMSO and rinsing, no. 6. (c), the film with stretching with treatment with
DMSO and water, no. 9. (d), the film with stretching and without DMSO
treatment, no. 7. A full color version of this figure is available at Polymer
Journal online.
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alignment but rather by the removal of the insulating PSS polymer. In
the stretched samples no. 7 and no. 9, however, the DMSO and water
treatment clearly had an effect on the crystalline size, that is, the
polymer alignment. This implies that not only the removal of the
insulating polymer but also the alignment of the polymer chains
caused by the DMSO and water treatment in the stretched films could
cause an increase in the electrical conductivity and result in an
improvement in the thermoelectric performance.

CONCLUSION

It was confirmed that adding xylitol to PEDOT-PSS films instead of
DMSO resulted in flexible composite films, and the stretching
technique was first applied to the PEDOT-PSS composite films to
improve the thermoelectric properties. The Seebeck coefficient of the
xylitol-containing PEDOT-PSS films was higher than those observed
in films prepared by the addition of DMSO, which was likely due to
the decrease in the carrier concentration of the PEDOT-PSS films that
was caused by mixing with the insulating xylitol. Nevertheless, the
electrical conductivity of the composite films was improved by
stretching the films, which kept the Seebeck coefficient high, probably
due to the increase in carrier mobility that resulted from the
improvement of the polymer chain alignment. Furthermore, treatment
with DMSO and pure water was successfully applied to the stretched
PEDOT-PSS(xylitol) composite films to improve the electrical con-
ductivity to approximately twice that of the pristine PEDOT-PSS
(xylitol) composite films. The stretched and rinsed films had high
electrical conductivity and thermoelectric power factor values of
1155± 115 S cm− 1 and 37.2± 2.6 μWm− 1K− 2, respectively. The
cause for this could be the increase in the carrier concentration and
carrier mobility by losing the excess insulating PSS from the
treatment.19

Herein, compared with the thermoelectric properties of other
PEDOT derivatives,20 the performance of our stretched PEDOT-PSS
(xylitol) composite films lies between that of PEDOT-PSS with and
without diethylene glycol and that of PEDOT-Tos (tosylate) with and
without N,N-dimethylformamide. In addition, it was reported that
two main trends can be distinguished: S is almost constant for
all PEDOT-PSS samples, despite the large variation in σ, and S
increases markedly for highly conducting PEDOT-Tos samples, up to
55 μVK− 1 for 1500 S cm− 1. Our stretched PEDOT-PSS (xylitol)
composite films illustrate the former trend.
Although the exact explanation of the effects of stretching and

treatment with DMSO and water on the conducting PEDOT-PSS
(xylitol) composite films is still ambiguous, these techniques could
practically provide improved organic thermoelectric materials.
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