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ABSTRACT: For inorganic thermoelectric materials, Seebeck
coeflicient and electrical conductivity are interdependent, and
hence optimization of thermoelectric performance is challeng-
ing. In this work we show that thermoelectric performance of
PEDOT:PSS can be enhanced by greatly improving its
electrical conductivity in contrast to inorganic thermoelectric
materials. Free-standing flexible and smooth PEDOT:PSS
bulky papers were prepared using vacuum-assisted filtration.
The electrical conductivity was enhanced to 640, 800, 1300,
and 1900 S cm™' by treating PEDOT:PSS with ethylene
glycol, polyethylene glycol, methanol, and formic acid,
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respectively. The Seebeck coefficient did not show significant variation with the tremendous conductivity enhancement being
21.4 and 20.6 uV K™! for ethylene glycol- and formic acid-treated papers, respectively. This is because secondary dopants, which
increase electrical conductivity, do not change oxidation level of PEDOT. A maximum power factor of 80.6 yW m™ K> was
shown for formic acid-treated samples, while it was only 29.3 yW m™" K2 for ethylene glycol treatment. Coupled with
intrinsically low thermal conductivity of PEDOT:PSS, ZT & 0.32 was measured at room temperature using Harman method. We
investigated the reasons behind the greatly enhanced thermoelectric performance.
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1. INTRODUCTION

Thermoelectric (TE) materials directly convert natural or waste
heat into pollution-free electricity or vice versa. Our planet has
ubiquitous heat sources; from solar heat to industrial or vehicle
exhausts, which are essentially free, that could be converted into
electricity using TEs. The interesting features of TE generators
are ease of switching between power generation mode (based
on the Seebeck effect) and cooling mode (based on the Peltier
effect), no moving parts, no fluid involved, silent, and high
reliability."> Widespread use of TEs requires improving the
performance of the materials as well as implementing them in
system architecture. The performance of TE materials is
measured by a dimensionless figure-of-merit, ZT = S26T/k;
where S, 6, T, and k are Seebeck coefficient (also called
thermopower), electrical conductivity, absolute temperature,
and thermal conductivity, respectively. There is interdepend-
ence between the three parameters o, k, and S, and they must
be fine-tuned simultaneously to optimize ZT.> The defining
parameters behind them are carrier concentration, effective
mass of charge carriers, and the electronic and lattice thermal
conductivities. This interdependent property is a challenge for
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materials selection as materials that are good electrical
conductors are also good thermal conductors and show low
Seebeck coefficients.

The best-performing TE materials are inorganic semi-
conductor alloys, complex crystals, and nanocomposites or
thin film superlattices such as Bi,Te;, PbTe, BiSb, Bi,Se; MgSi,
CoSb;, NaCo,0,, etc.”” The highest ZT value reported is ~2.4
at room temperature for p-type Bi,Te;/Sb,Te; superlattice
devices.” However, the inorganic TE materials are posed with
drawbacks of energy-intensive high-temperature processing,
high cost of production, brittleness, and difficulty in large-area
production, scarcity of materials, and toxicity. A TE power
generator device consists of semiconductor legs that are
connected electrically in series and thermally in parallel
covering large area and different shapes. This in turn requires
TE materials that are readily synthesized, air stable, environ-
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mentally friendly, and solution-processable to create patterns
on large areas.

Organic or polymer-based semiconductors/conductors are
emerging and potential TE materials that will offer several
advantages such as mechanical flexibility, low cost, lightweight,
and solution processability over large areas even though their
efficiency is much lower than the inorganic counterparts.”” '’
The intrinsically low thermal conductivity of organic materials,
which is ~2 to 3 orders of magnitude lower than those of the
inorganics, makes them potential candidates for high-perform-
ance TE applications. Polymeric TE materials investigated
include poly(thienothiophene),'" polyaniline,"* poly(3,4-ethyl-
enedioxythiophene) (PEDOT),"* polyacetylene,'* and poly(3-
hexylthiophene)."> Among them, PEDOT doped with a
counterion polymer poly(styrenesulfonate) (PSS) is highly
promising and showed ZT ~ 042 at room temperature
optimized by tuning the doping/dedoping level.'® The
theoretical simulation even indicates that the TE performance
of PEDOT:PSS can rival high-efficiency inorganic TE
materials.'”

PEDOT:PSS, commercially available in aqueous dispersion,
is a successful conductive polymer for optoelectronics
applications."® *° Through continuous efforts, its conductivity
has been increased to over 3400 S cm™), and it has been used as
transparent electrode for polymer solar cells and organic light-
emitting diodes.”** Conductivity enhancement of PE-
DOT:PSS has been effective through mixing of high boiling
point polar solvents like ethylene glycol (EG), dimethyl
sulfoxide, ionic liquids, etc. into the aqueous PEDOT:PSS
dispersion,23_25 film post-treatment with polar solvents,
alcohols, acids, or cosolvents®® or a combination of both
treatment methods.”” These treatment chemicals used to
enhance the conductivity are generally called secondary
dopants, which are apparently “inert” substances that induce
further conductivity enhancement and other property changes.
The newly enhanced properties remain even after complete
removal of the secondary dopant.*® Unlike the inorganic TE
materials, electrical conductivity enhancement in PEDOT:PSS
affects very little the Seebeck coefficient and thermal
conductivity.'®*® In PEDOT:PSS, only small crystallites are
embedded in the amorphous phase, and hence the thermal
conductivity will show only slight variation with conductivity
enhancement.®® Because of its inherent low thermal con-
ductivity, improvement of TE performance of PEDOT:PSS
focuses on improvement of its power factor (S%6).

In this work, we show that the TE performance of
PEDOT:PSS flexible bulky papers is enhanced by enhancing
the electrical conductivity. The conductivity of the papers,
which were prepared by facile method, was enhanced to 1900 S
cm™" using different treatment methods. As the conductivity
enhancement methods we employed do not change the
oxidation level of PEDOT, the Seebeck coefficient decreased
only slightly with improving conductivity being 33.2 and 20.6
UV K for pristine and formic acid-treated papers, respectively.
The highest power factor obtained is 80.6 W m™' K> for
formic acid-treated papers. A ZT value & 0.32 was measured
using Harman method.

2. EXPERIMENTAL SECTION

2.1. Preparation and Characterization of PEDOT:PSS Bulky
Papers. PEDOT:PSS aqueous solution (Clevios PH1000) with
concentration of 1.0—1.3% by weight and 2.5 weight ratio of PSS to
PEDOT was used. Both thin film (~200 nm) and bulky papers (~100
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pum) were prepared. Thin films were prepared on glass substrates with
area 1.5 X 1.5 cm? by spin coating multiple times until the desired film
thickness is obtained. Treatment with EG, PEG (polyethylene glycol
with molecular weight 200), methanol, and formic acid (FA, >98% v/
v) was done as reported in our previous works.>' 7>* Briefly, 6% EG
and 2% PEG200 were mixed in the PEDOT:PSS aqueous solution
before spin coating, while methanol and FA treatment was done by
treating the annealed films. Flexible bulky papers were prepared with
the aid of vacuum-assisted filtration using the setup shown in Figure
S1 (Supporting Information). Anodisc filter membrane (Whatman, 0.2
um pore size with 47 mm diameter) was used as a filter. In vacuum
filtration, the liquid is sucked down through the filter membrane by
the action of water pump leading to greater rate of filtration compared
to gravity filtration. Since the vacuum pulls down the liquid, it is
possible to get thick papers in a short period of time. Filtration was
continued for 3 h with water pump, and then the samples were dried
under vacuum oven at 40 °C for 3 h. Drying could also be done in
atmospheric oven, but it was difficult to peel the filter membrane from
the paper in the latter case. Then annealing was continued on a hot
plate for ~10 min at 140 °C. Methanol and FA treatment was done by
dropping ~600 uL of either of them on the paper while annealing with
optional treatment/rinsing with methanol and DI water thereafter,
respectively.

Film thickness was measured using alpha step surface profiler
(Veeco Dektak 150). Electrical conductivities were measured using
van der Pauw four-point probe technique with Hall Effect measure-
ment system (Ecopia, HMS-5000). Absorption spectra of the films
were measured using Jacobs V-670 UV—vis-NIR spectrophotometer.
X-ray photoelectron spectroscopy (XPS) was done using PHI 5000
VersaProbe (ULVAC-PH], Chigasaki, Japan) equipped with Al Ka X-
ray source (1486.6 eV). Surface morphologies of the films/papers were
imaged using an atomic force microscope (AFM) (Veeco di Innova) in
the tapping mode. Raman spectra were collected in a confocal Raman
system (NT-MDT). The wavelength of laser was 473 nm (2.63 eV),
and the spot size of the laser beam was ~0.5 um with a 10 s
accumulation time. The X-ray diffraction (XRD) patterns of the bulky
papers were obtained using PANalytical XRD.

2.2. Seebeck Coefficient Measurement. The Seebeck coef-
ficient was measured using a homemade setup (Figure 1b), which
consisted of two Peltier devices attached on a copper-covered
aluminum heat sink. Two K-type thermocouples were used to
measure the temperature gradient across the samples. The
thermocouples and the two probes used to measure the voltage
difference (AV) were applied at the same point on the paper/film and
pressed with Teflon bar against the film to make a good contact. This
minimizes the error that will come during measurement. The gap
between the thermocouples was ~5 mm. Agilent 34401A attached to
copper foil probe (~S mm wide) was used to measure AV. The hot
side of the Peltier was heated with applied current of ~0.5 A
continuously using power supply (TECPEL TPT 3025) resulting in a
temperature gradient (AK) of ~10—15 K, and reading of the values
(AV and AK) was taken after ~3 min to let the values stabilize. The
values were then averaged by taking ~five consecutive readings. The
Seebeck coeflicient was calculated using the formula § = AV/AT.

2.3. ZT Measurement by Harman Method. The transient
Harman method was used for the measurement of the in-plane and
vertical ZT of TE materials at room temperature using the setup
shown in Figure S2 (Supporting Information). The Harman method
consists of passing a direct current using a power supply (Keithley
2400) through a thermoelectric sample and measuring the voltage
drop using oscilloscope. The total voltage drop that could be
generated across the sample is composed of resistive voltage Vi and
thermoelectric voltage (Seebeck voltage, Vi). The temperature
difference across the sample is induced by Peltier effects between
both ends of material. Once the current is switched off, Vi
instantaneously drops to 0, and the remaining Vg decays gradually as
the sample returns to thermal equilibrium with the ambient. The
platinum electrodes cover the whole surface of both ends of the
sample, so that the current streamline will be parallel to the
longitudinal axis of the sample.
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(b) Probe 2 Filied

PEDOT:PSS bulky paper
TC2

Figure 1. (a) Photographs of flexible PEDOT:PSS bulky papers in
different shapes. (b) Schematic diagram of Seebeck coefficient
measurement system.

3. RESULTS AND DISCUSSION

While there exists relatively more work on the thin film
PEDOT:PSS for TEs, there is not much work on bulky papers.
Lots of practical applications need thicker TE materials.
Photographs of PEDOT:PSS bulky papers prepared by
vacuum-assisted filtration are shown in Figure la. As can be
clearly seen, the papers are large size, smooth, flexible, and
cuttable to any shape making them ideal for integration into
any shape for future applications. The Anodisc filter membrane
can be easily peeled off after vacuum drying. When drying was
done in atmospheric ovens, the filter membrane can be slowly
peeled with the assistance of methanol or isopropanol.
Filtration can also be easily done using nylon filter membrane.
The thickness of the papers can easily be controlled by
controlling the amount of PEDOT:PSS solution used for
filtration. Here we have demonstrated the TE performances of
these thick papers (~100 ym) while comparing with the thin
films (~200 nm) where necessary.

The conductivity, Seebeck coefficient, and power factor (PF)
of PEDOT:PSS papers are shown in Figure 2. The conductivity
values are similar to our previous reports.>' > The average
conductivities are 0.3, 640, 800, 1300, and 1900 S cm™ for
pristine, EG, PEG, methanol, and FA-treated papers,
respectively. The Seebeck coeflicient decreased from 32.3 uV
K™ for pristine to 21.4 §V K™ for EG-treated paper. Then
Seebeck coeflicient showed only slight variation with increasing
conductivity being 21.7, 21.1, and 20.6 uV K™' for PEG,
methanol, and FA-treated papers, respectively. Corresponding
to these values, the PF is 0.03, 29.3, 37.7, 58, and 80.6 yW m ™!
K™ for pristine, EG, PEG, methanol, and FA-treated papers,
respectively. The PF of FA-treated papers is among the highest
reported for PEDOT:PSS. The reported Seebeck coeflicient
was 27.3 uV K for EG-treated PEDOT:PSS films showing the
same conductivity.'® The lower Seebeck coefficient values of
our papers should be attributed to the measurement system. To
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Figure 2. Thermoelectric properties of PEDOT:PSS bulky papers with
different treatment methods: (a) electrical conductivity, (b) Seebeck
coefficient, and (c) power factor.

assess this, we fabricated ~200 nm thin films. The Seebeck
coefficient was even lower than the bulky papers being 28.4,
18.8, and 18.7 for iV K™ for pristine, EG, and FA-treated films,
respectively (Figure S3, Supporting Information). The highest
PF for FA-treated thin films is only 66.4 yW m™' K% The
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reduced Seebeck coefficient for the thin films comes from
contact problem (between the probe and thermocouple and
thin film) as the probe and thermocouple we used were sheet
types (to ensure wider area measurement), and it was difficult
to make Ohmic contact as evidenced by higher sheet resistance
than actually films have.

Previous reports on the effect of conductivity enhancement
on Seebeck coefficient are somehow contradicting. Luo et al**
and Yee et al.*®> reported that Seebeck coefficient of
PEDOT:PSS decreased slightly with increasing conductivity.
However, Kim et al.'® showed enhancement of Seebeck
coefficient with enhanced conductivity when PEDOT:PSS
was post treated with EG. Others controlled the oxidation level
of PEDOT to optimize the power factor. In this case, electrical
conductivity decreased a lot with increasing Seebeck
coefficient.**™*° Seebeck coefficient depends on the oxidation
level of the polymer.'” Secondary dopants, as used in our
methods of treatment, do not change the oxidation level of
PEDOT.* Secondary dopants increase the conductivity by
increasing the mobility, carrier concentration, and morphology
change of PDEOT:PSS films.*>*' The slight decrease in
Seebeck coeflicient compared to the 4 orders of magnitude
electrical conductivity enhancement is due to the increase in
career concentration and mobility of treated samples. As
reported in our previous works,® ~> the carrier concentration
increased from ~10'7 cm™ for pristine PEDOT:PSS to ~10*'
cm™ for the treated ones.

In PEDOT:PSS, PSS is used as the counterion, charge
compensator, and template for polymerization of PEDOT,
making it easily dispersible in water.*' However, PSS is present
in excess, insulator (nonionized dopant), and the main reason
for the low conductivity of the commercial PEDOT:PSS.
Selective removal of PSS is one of the mechanisms of
conductivity enhancement.”” The XPS spectra of the papers
(Figure 3) shows that the amount of PSS decreased after
treatment. The S (2p) peak at the binding energy of 167.8 eV
corresponds to the sulfur signal from PSS, and the doublet
peaks at 164.4 and 163.4 eV correspond to the sulfur signal
from PEDOT both before and after treatment.*” The amount
of PSS decreased by as much as 62% for FA-treated papers,
which is in agreement with that of thin films.*®> The relative
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Figure 3. S(2p) XPS spectra of PEDOT:PSS bulky papers: pristine,
treated with EG, and treated with FA.

decrease of PSS from the surface is due to the washing away of
excess PSS for the methanol and FA treatments. For the EG
and PEG-treated papers, there is no removal of PSS from the
surface; rather, there is depletion of PSS layer from the surface,
and the surface becomes PEDOT-rich. The amount of PSS
removal/depletion from the PEDOT:PSS paper is in agreement
with the respective conductivity enhancements. Secondary
dopants with high dielectric constants induce screening effect
between the positively charged PEDOT chains and negatively
charged PSS chains, thus reducing the Coulombic interaction
between them.*® This in turn facilitates phase separation at the
nanometer scale and the removal of PSS from the film. The
removal of the insulator hygroscopic PSS from film surface will
also improve its long-term stability.*" There exist two types of
PSS chains in PEDOT:PSS solution: complexed with PEDOT
chains and “free PSS” chains, which act as a surfactant. It is the
uncomplexed “free PSS” (nonionized) that is removed by film
treatment, and its removal affects the thermoelectric property
of PEDOT:PSS.**

PEDOT:PSS treatments with secondary dopants also change
film morphologies, which again affect the electrical con-
ductivity. The AFM images of thin films before and after
treatment are shown in Figure 4. There is weak phase
separation between PEDOT and PSS with more homogeneous
and disconnected PEDOT chains for the pristine film. The
phase image shows better phase separation between PEDOT
and PSS chains with more fiber-like interconnected conductive
PEDOT chains after film treatment. The degree of phase
separation is related to the conductivity enhancement imparted.
Interestingly, more or less the same phenomena is observed for
the thick PEDOT:PSS bulky papers (Figure S4, Supporting
Information). The depletion/removal of PSS leads to a three-
dimensional conducting network of highly conductive PEDOT
through which charge carriers travel further. The topographic
AFM images indicate that the grain size of the particles
increased after treatment. Bigger particles mean less particle
boundaries in a given volume or area and hence few energy
barriers for charge conduction.*® A decrease in energy barrier
will ease the charge hopping among the polymer chains, which
is believed to be the dominant conduction mechanism in
conducting polymers.*® The thin films are quite smooth both
before and after treatment. The rms (root-mean-square)
roughness is 1.10, 1.28, 1.42, and 1.52 nm for pristine, treated
with EG, methanol, and FA, respectively. The bulky papers are
also reasonably smooth with rms roughness of 2.7, 3.25, 3.38,
and 3.85 nm for pristine, treated with EG, methanol, and FA,
respectively.

Figure 5 shows the Raman spectra of pristine and FA-treated
PEDOT:PSS papers. The band between 1400 and 1500 cm ™" is
due to C, = C; symmetric stretching vibration.”* The 1430
cm™! peak for the pristine paper is red-shifted to 1417 cm™
after FA treatment. The same phenomenon was observed by
Ouyang et al. when PEDOT:PSS was treated with EG.*” The
red shifting of the Raman spectra indicates that the resonant
structure of PEDOT chain is changed from a benzoid structure
with favorite coil conformation to quinoid structure with a
favorite linear or expanded-coil structure. Both benzoid and
quinoid structures may be present in the pristine; the benzoid
structure will be transformed to quinoid structure after
treatment making it quinoid dominated structure. PEDOT
and PSS are held by Coulombic attractions and have coiled or
core—shell structure due to repulsion between long PSS
chains.*® High dielectric constant solvents screen the ionic
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Figure 4. AFM images of PEDOT:PSS thin films: (a) pristine, treated with (b) EG, (c) methanol, and (d) formic acid. The upper images are phase

images and the lower topographic. All images are 1 ym X 1 ym.
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Figure 5. Raman spectra of pristine and FA-treated PEDOT:PSS
bulky papers.

interaction between PEDOT and PSS leading to better phase
separation between PEDOT and PSS and again giving the
chance for PEDOT chain to be linearly oriented. There is only
slight increase in the visible-IR absorption spectra after
treatment (Figure S6, Supporting Information). The slight
increase in absorption should be related to the more delocalized
charge carriers, polarons, and bipolarons in PEDOT:PSS. Luo
et al. observed a new broad absorption band in the visible and
IR region after treatment with ionic liquid and attributed it to
the change of PEDOT from bipolaron to polaron state, which
increased the Seebeck coefficient.>* However, there is no new
absorption band in the visible or IR region after treatment in all
of our treatments indicating that there is no such trans-
formation.

For the inorganic TE materials, thermal conductivity
increases with electrical conductivity, and thermal conductivity
is reduced through introduction of nanostructures, which will
act as phonon-scattering centers.* However, organic con-
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ductors do not obey the Wiedemann—Franz law, and there is
weak correlation between electrical conductivity and thermal
conductivity. The thermal conductivity of PEDOT:PSS is
intrinsically low and is not much affected with increasing
electrical conductivity. A recent report showed thermal
conductivity of PEDOT:PSS decreased while electrical
conductivity was enhanced through removal of PSS.'®**
Using the thermal conductivity of 0.17 W m™'K™.% the
calculated ZT value at room temperature for FA-treated
PEDOT:PSS bulky papers becomes ZT = 0.14 (ZT = 5.5 X
1075, 0.052, 0.066, 0.102 for pristine, EG, PEG, and methanol-
treated bulky papers, respectively). Another method to directly
measure the ZT value is the Harman method.**" The Harman
method is particularly useful for low thermal conductivity
materials of small dimensions. Using the Harman method, the
in-plane ZT value was 0.12, while the vertical ZT value was 0.32
(Figure S7, Supporting Information) for FA-treated samples.
This ZT value is among the highest reported for PEDOT:PSS
bulky papers. The in-plane ZT value is 0.05, 0.06, and 0.09,
whereas the vertical ZT value is 0.13, 0.2, and 0.25 for EG,
PEG, and methanol-treated PEDOT:PSS bulky papers,
respectively. The difference in the in-plane and vertical ZT
values is due to the anisotropic electrical and morphological
properties of PEDOT:PSS.>* The thermal conductivity is 0.18,
0.19, 0.19, and 0.2 for EG, PEG, methanol, and FA-treated
bulky papers, respectively, when derived from the in-plane ZT
values, which are in good agreement with the reported values.**
However, we were not able to measure both the in-plane and
vertical ZT values of pristine samples as the ZT value was too
small and not detectable by our setup. The XRD patterns of
PEDOT:PSS papers are same before and after treatment with
no or very little crystallities embedded in the amorphous region
(Figure S8, Supporting Information).

4. CONCLUSIONS

We have shown facile fabrication of flexible PEDOT:PSS bulky
papers, which can be cut into any shape and are ideal for
integration into any device shape. There was not much
difference between the film properties of thin films and the
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bulky papers. The electrical conductivity of the papers was
enhanced up to 1900 S cm™' by FA treatment. The Seebeck
coefficient was affected insignificantly with increasing electrical
conductivity. The Seebeck coefficient and power factor were
20.6 4V K" and 80.6 W m™' K2, respectively for FA-treated
papers. A perpendicular ZT = 0.32 at room temperature, which
is among the highest values for PEDOT:PSS, was measured
using Harman method. Enhancement of electrical conductivity,
especially through selective removal of PSS, is a key strategy in
enhancing the TE performance of PEDOT:PSS. This work
demonstrates that PEDOT:PSS is promising for solution
processable and flexible thermoelectrics especially with the
recently reported high electrical conductivities. These kinds of
freestanding flexible paper thermoelectrics will open up new
possibilities in niche applications.

B ASSOCIATED CONTENT

© Supporting Information

Setup for PEDOT:PSS bulky paper preparation, schematic
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