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ABSTRACT

In recent years, thermoelectric (TE) devices have garnered increasing attention for their ability to
convert waste heat into usable electrical energy, offering a pathway toward enhanced energy efficiency
and reduced carbon emissions. Among various TE technologies, flexible thermoelectric generators
stand out as promising candidates for powering wearable electronics and industrial Internet of Things
applications due to their lightweight, compact, and maintenance-free design. Unlike conventional rigid
devices, these solid-state systems can conform to diverse heat sources, enabling seamless integration
into both personal and industrial environments. Compared to inorganic materials, organic TE materials
present compelling advantages for room-temperature and flexible energy harvesting. In this study, we
investigate the thermoelectric performance of films composed of poly(3,4-ethylenedioxythiophene):pol
y(styrenesulfonate) blended with graphene nanoplatelets. The maximum power factor of ~12 & 1.3 uW/
mK? is achieved for unsintered films at room temperature. Additionally, an in-plane device prototype
was developed, achieving a maximum open circuit voltage of 5.1 mV under a temperature gradient of
15 K. These findings underscore the potential of organic thermoelectric materials for next-generation
flexible and wearable energy solutions.

Keywords: Organic thermoelectrics; energy harvesting; PEDOT:PSS; graphene; wearable applications

INTRODUCTION

Flexible thermoelectric generators (TEGs) have
emerged as promising power sources for wearable
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electronics and Internet of Things (IoT) devices. These
solid-state energy converters are lightweight, compact,
and operate silently without any moving parts, offering
a maintenance-free solution for energy harvesting.
Recent advances in thermoelectric materials and
device engineering have significantly enhanced their
performance, enabling the development of next-generation
TEGs. These systems provide environmentally friendly
and mechanically simple means of converting heat
directly into electricity, making them well-suited for a
wide range of applications, from personal health monitors
to industrial sensors (1-5).
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Figure 1 shows a schematic of an in-plane
thermoelectric device capable of directly converting
temperature differences into electrical energy through the
Seebeck effect. The Seebeck effect occurs when there is
a temperature difference at the junction of two different
semiconductors, enabling thermoelectric devices to
effectively convert thermal energy into electrical energy.
Additionally, these devices can utilize the Peltier effect,
where an electric current passing through two different
conductors at their junction causes one side to absorb
heat while the other releases heat, creating a temperature
gradient.

The efficiency of thermoelectric (TE) materials largely
depends on the dimensionless figure of merit (zT) defined
as zT = %T where S is the Seebeck coefficient, o is the
electrical conductivity, x is the thermal conductivity,
and T is the absolute temperature. The numerator of
this relationship (¢5?) is known as Power Factor (PF).
To increase the ZT, it is needed to enhance the electrical
properties of the TE materials including electrical
conductivity and Seebeck coefficient, however, increasing
these properties tends to also raise the thermal conductivity
since they are interdependent. Thus, the challenge is to
optimize TE properties to boost zT, balancing the need
for TE materials with high electrical conductivity and low
thermal conductivity (6, 7).

Thermoelectric materials can be broadly classified into
organic and inorganic categories, each offering distinct
advantages and limitations. Organic materials, although
characterized by relatively low thermoelectric efficiency
(zT values), are attractive due to their environmental
friendliness, mechanical flexibility, and non-toxic nature.
In contrast, inorganic materials typically exhibit higher
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Figure 1. Schematic of an organic flexible thermoelectric
device for energy harvesting using PEDOT:PSS and
graphene nanoplatelets.
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zT values and superior performance but are often brittle,
expensive, and potentially toxic, which restricts their
applicability in flexible or wearable technologies. Ongoing
research continues to focus on optimizing the trade-offs
between these material classes to enhance the overall
efficiency and usability of thermoelectric devices (8, 9).

Recent studies on unsintered organic thermoelectric
materials have demonstrated notable advances in power
factor (PF), particularly through polymer composites
and organic—inorganic hybrids. For example, P3HT/
SWNT composites achieved power factors ranging
from 107 pyW-m K2 (10) to 308 uW-m K2 after
FeCls doping (11), and spray-printed versions reached
325 uW-m K2 (12). Gdérisch et al. showed that layer-by-
layer PEDOT:PSS/DWNT films doped with KBr yields a
power factor of 626 pW-m-K? (13), while ionic-liquid-
treated PEDOT:PSS reached 754 yW-m*-K™? (14). Se-
substituted diketopyrrolopyrrole polymers (PDPPSe-12)
showed PFs from 300 to 364 yW-m 'K (15). A TiS»-
based n-type organic—inorganic superlattice exhibited
PF up to 904 uyW-m -K'? (16). The highest reported PF
among these systems is 1825 yW-m-K? in a PANI/
graphene/DWNT nanocomposite (17), demonstrating
the impressive potential of hybrid architectures for high-
performance flexible thermoelectrics.

Among organic materials, poly(3.,4-
ethylenedioxythiophene) polystyrene sulfonate knows as
PEDOT:PSS has received tremendous attention due to its
high electrical properties and aspect ratio. PEDOT:PSS
is a blend of two distinct polymers—poly(3,4-
ethylenedioxythiophene) (PEDOT) and polystyrene
sulfonate (PSS). PEDOT is a semiconductor known for
its high electrical conductivity and ease of processability,
while PSS provides stability and enables water dispersion,
making PEDOT:PSS a versatile material for various
applications. PEDOT offers impressive mechanical
flexibility and conductivity, while PSS enhances stability
and performance. Combining these materials results in a
transparent substance in the visible spectrum (18, 19).

During the synthesis of PEDOT:PSS, PEDOT forms
on a PSS template, and small segments of PEDOT come
into close contact with PSS bundles, bound by Coulomb
forces. This results in chain structure entanglement
and colloidal gel particles in water, contributing to its
unique properties. The high electrical conductivity of
PEDOT stems from its molecular structure, which allows
free electron movement through the polymer chain. In
terms of thermoelectric performance, PEDOT has high
electrical and low thermal conductivity, making it an ideal
candidate for thermoelectric applications. In addition, this
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combination makes PEDOT:PSS an excellent candidate
for other applications including optical and electronic
devices. Moreover, PEDOT:PSS offers several advantages
such as high mechanical flexibility, low surface roughness,
and low cost compared to other conjugated polymers (20).
Graphene is a two-dimensional material, a single layer
of carbon atoms arranged in a hexagonal lattice, known
for its exceptional strength, flexibility, and conductivity,
making it a promising material for various applications
(21). Since the discovery of graphene in 2004, it has been
used for a variety of applications including electronics,
sensing, optics, bioengineering, etc. (22, 23). The bond
length of graphene is 0.142 nm, and when layers of
graphene are stacked together, they form graphite, which
has an interplanar spacing of 0.335 nm. The individual
graphene layers in graphite are held together by Van
der Waals forces, which can be overcome during the
exfoliation process to obtain pure graphene (24).
Graphene is lightweight, highly flexible, and stable
under high temperatures. Itsunique structure allows charge
carriers to move through it easily, making it an excellent
thermoelectric material. Graphene can absorb significant
amounts of heat, making it suitable for converting thermal
energy into electrical power. Additionally, graphene
exhibits high electrical conductivity, making it highly
advantageous for energy conversion applications (25). As
carbon is the second most abundant element in the human
body and the fourth most abundant in the universe,
graphene presents an eco-friendly and sustainable

(a) =

solution

:_,/
Vacuum Pump i‘o—"F
&
= yul
| S——
/ Y 4

{ L s

! PEDOT:PSS+Graphene

1<\ 111
R

Cold pressing at 2000 psi

solution for thermoelectric energy conversion. Beyond
its thermoelectric capabilities, graphene is also used to
enhance the capacity, charging rate, and longevity of
batteries. In this work, we studied the TE properties of
films made of PEDOT:PSS blended with graphene and
the impact of sintering on thermoelectric performance.
Sintering plays a critical role in thermoelectric material
processing by enhancing electrical conductivity
and mechanical integrity through improved particle
bonding and densification. By promoting better grain
connectivity and reducing interfacial resistance, sintering
can significantly improve charge carrier mobility and
overall transport properties. However, the process must
be carefully optimized, especially for organic or hybrid
materials, to avoid degradation or loss of functional
properties due to excessive heat exposure. Sintering
transforms TE particles into a dense structure with
improved thermoelectric properties. The unsintered
films showed a Seebeck coefficient and an electrical
conductivity of -71 £ 2.9 uV/K and 2373.3 + 160.8 S/m,
respectively. This led to a power factor of ~12 + 1.3 uW/
mK?. This study exhibited the role of organic TE devices
for integration with low-grade electronics and wearable
applications.

METHODS AND MATERIALS

Thermoelectric films made using vacuum-assisted
filtration method, as shown in Figure 2.

Film

Fabricated Film

Figure 2. (a) Schematic illustration of the fabrication process using the vacuum-assisted filtration method, and (b, c) fabricated

flexible films.

June 2025 Vol. 3 No. 3

American Journal of Student Research www.ajosr.org

141



High-Performance Flexible Organic Thermoelectrics for Wearables

To make TE films, the aqueous dispersion ink
materials used in this study were sourced from Sigma-
Aldrich (900442). The hybrid ink is dispersed in
dimethylformamide with 0.2 mg/mL concentration
of PEDOT:PSS and 1 mg/mL exfoliated graphene
concentration. PEDOT:PSS is an organic conductive
polymer, while graphene is a single layer of carbon atoms
arranged in a 2D hexagonal lattice, both known for their
excellent thermoelectric properties. The thermoelectric
ink was prepared by dispersing 2 mL of a PEDOT:PSS and
graphene hybrid solution into 50 mL of deionized water,
followed by bath sonication to remove agglomerations.
The dispersion was subsequently processed using vacuum
filtration, where a vacuum pump drew the solution through
a 220 nm pore size membrane (Fisher Scientific; $151 for
a pack of 200, or approximately $0.75 per membrane) over
several hours. Post-filtration, the films were cold pressed
at 2000 psi for 10 minutes to enhance particle packing
and promote better charge transport by reducing voids.
The final film thickness was primarily governed by the
concentration of the hybrid ink, allowing for tunable
control over film properties during fabrication.

Figure 2(b) shows the fabricated flexible films with very
robust mechanical properties. After fabrication, we used
a custom-built setup for measuring room temperature TE
properties including electrical conductivity and Sebeck
coefficient. TE films were prepared with 23 mm x 3 mm
(LXW). We measured three samples for both unsintered
and sintered films. Thermal sintering (i.e., annealing)
was employed at 120 °C for 30 minutes to investigate the
effects of microstructural changes and particle coarsening
on the thermoelectric properties of the films.

Figure 3 demonstrates the TE properties measurement
setup. After cutting film, they were transferred onto a
glass slide as a substrate. ImageJ software was used to
measure the width of the samples for accurate electrical
conductivity calculation. Then we measured the Seebeck
coefficient and electrical conductivity using a developed
LabVIEW program. The four-point probe method was
used for electrical conductivity measurement. The film is
held to a dielectric support substrate with two electrodes
through which current 7/ is supplied for electrical
conductivity measurement. Two thermocouples are
brought into contact with the film and the measurement
apparatus placed in air. On the other side of the electrodes
are gradient heaters allowing precise control over the
temperatures 7, and 7 and thus the temperature gradient
AT= T,-T.. The voltage is measured across the negative
leads of the thermocouples. This is done for ten equally
spaced currents. The sample resistance R is the slope of
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the best fit line through the 77/ data and the conductivity is
then calculated as ¢ = ﬁ , where L is the distance between
the thermocouple tips and 4 is the cross-sectional area of
the sample. The average film thickness of the films was ~5
um. For Seebeck coefficient measurement, a temperature
gradient (~6 K) was applied across the film, and the
induced voltage and temperatures were measured using
k-type thermocouples (40 gauge). The Seebeck coefficient
was calculated as S = % . The apparatus was calibrated
using a standard constantan sample of known properties.
The measurement error of the custom-built apparatus
was ~5% for both the electrical conductivity and Seebeck
coefficient.

RESULTS

The room temperature electrical conductivity and
Seebeck coefficient of TE films before and after sintering
at 120 °C are presented in Figure 4. The unsintered TE
films showed an average electrical conductivity and
Seebeck coefficient of 2373.3 + 160.8 S/m and -71.1 +2.9
uV/K, respectively. This leads to a power factor of 12.03
+ 1.3 yW/mK?. In addition, sintering TE films at 120 °C
demonstrates stability of organic thermoelectric films
under elevated temperatures. We found that by sintering
PEDOT:PSS mixed with graphene nanoplatelets, the
electrical conductivity reduces almost 17% whereas
Seebeck coefficient remains almost same. This is
attributed to reduce carrier concentration or possible
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Figure 3. Schematic illustration of room temperature
Seebeck coefficient and electrical conductivity measurement
setup.
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decomposition of PEDOT:PSS could cause reduced
charge carrier transport. The power factor of sintered
films was 10.17 £ 1.6 pW/mK?2.

To demonstrate the practical application of organic
TE materials, a prototype in-plane TE generator was
fabricated, as illustrated in Figure 5. The device consisted
of five legs composed of PEDOT:PSS mixed with
graphene nanoplatelets, each measuring 11 mm % 3 mm
(L x W), with a total internal resistance of 537.7 Q. Device
performance was evaluated using a copper plate as a
passive heat sink and a commercial heater to establish a
controlled temperature gradient, as shown in Figure 5(b).
The temperatures at the hot and cold ends were measured
using K-type thermocouples connected to a Keysight
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Figure 4. Room temperature thermoelectric properties of
fabricated films before and after sintering.
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DAQ970A data acquisition system. After two months of
ambient air exposure, the internal resistance increased by
only ~1%, indicating strong environmental stability of the
fabricated device.

Figure 6 shows the measured device open circuit
voltage (V ) under different temperature gradients up
to 15 K. The measured values are almost equal to the
theoretical values which are calculated according to
the expression V =N|S|AT where N is the number of
TEG legs, S is the Seebeck coefficient, and AT is the
corresponding temperature gradient with the maximum
output voltage of 5.1 mV at AT of 15 K.

A detailed cost analysis was conducted based on
material prices from commercial suppliers. PEDOT:PSS
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Figure 6. Open circuit voltage of the fabricated TE device.

Figure 5. In-plane thermoelectric device made of PEDOT:PSS and graphene. (a) resistance of the device, (b) device performance

measurement process. The scale bar is 25 mm.
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and graphene, both obtained from Sigma-Aldrich, are
priced at $351 for 50 mL. Using 2 mL of this solution
diluted in 50 mL of deionized water, the estimated cost
per thermoelectric film is approximately $14.04. For a
five-leg device (each leg measuring 11 mm x 3 mm), the
material cost is calculated at $8.78. When including the
filtration membrane—priced at $0.75 per unit—the total
cost per device is reduced to just $0.63. Table 1 presents
a comprehensive cost breakdown for each component
involved in film and device fabrication, providing insight
into the economic feasibility of scalable thermoelectric
device production.

As demonstrated by these results, flexible organic TE
devices, which have been gaining the growing scientific
interests, are a promising candidate as renewable energy
sources, especially in the application of energy harvesting
for flexible and wearable devices based on human body
temperature. A new architecture design for conformal
thermal contact on the hot surface of heat source is could
also enhance thermal transport efficiency and large
temperature gradient generation in organic TE devices
resulting in higher power outputs.

DISCUSSION

The thermoelectric characterization of PEDOT:PSS/
graphene films before and after thermal treatment provides
insight into the material’s performance and stability.
At room temperature, the unsintered films exhibited a
high electrical conductivity of 2373.3 £ 160.8 S/m and
a Seebeck coefficient of —71.1 + 2.9 pV/K, resulting in
a power factor of 12.03 + 1.3 yW/mK2. Upon sintering
at 120 °C, the electrical conductivity decreased by
approximately 17%, while the Seebeck coefficient
remained largely unchanged. This decline in conductivity
is likely due to a reduction in carrier concentration or
partial degradation of the PEDOT:PSS structure, which
may hinder charge transport. Despite this reduction, the
sintered films still demonstrated a solid power factor of

10.17 + 1.6 pyW/mK? indicating their robustness under
moderate thermal stress and validating their potential for
practical use in thermal environments.

To demonstrate device-level applicability, a flexible in-
plane thermoelectric generator was fabricated using five
PEDOT:PSS/graphene legs. The prototype had an internal
resistance of 537.7 Q. Testing under applied temperature
gradients up to 15 K revealed that the measured open-
circuit voltage closely matched theoretical predictions,
confirming the reliability of the device’s thermoelectric
performance. The maximum output voltage reached
5.1 mV, demonstrating the potential of this material system
for energy harvesting from low-grade heat sources such
as human body. Notably, the device exhibited excellent
environmental stability, with only a ~1% increase in
internal resistance after two months of air exposure.

A cost analysis further supports the viability of these
organic thermoelectric materials for scalable production.
With raw materials sourced from commercial suppliers,
the estimated cost per film was $14.04, while the cost per
five-leg device was $8.78. Including filtration membranes,
the total device cost dropped to just $0.63. This cost-
efficiency, combined with the film’s flexibility, moderate
processing conditions, and reliable performance,
positions PEDOT:PSS/graphene composites as promising
candidates for future applications in flexible and wearable
electronics. Future improvements, such as engineering
conformal thermal interfaces to enhance heat transfer,
could significantly increase the temperature gradient
across the device and further boost power output.

CONCLUSION

In conclusion, this study demonstrates the promise of
flexible thermoelectric generators based on PEDOT:PSS
and graphene as efficient, lightweight, and environmentally
friendly energy-harvesting materials. By leveraging the
mechanical flexibility and high electrical conductivity
of PEDOT:PSS alongside the excellent electrical and

Table 1. Cost analysis of the fabricated TE device

Material/Component Supplier

Cost Description

PEDOT:PSS mixed with graphene solution  Sigma-Aldrich
Sigma-Aldrich

Fisher Scientific

Cost per Film
Filtration Membrane

Cost per Device -

$351 (50 ml) Concentration: 2 ml in 50 ml of water
$14.04
$0.63/each
$9.38

Based on material usage
Includes additional fabrication components

Device with 5 legs (each leg: 11 mm X 2 mm)

June 2025 Vol. 3 No. 3

American Journal of Student Research www.ajosr.org

144



High-Performance Flexible Organic Thermoelectrics for Wearables

thermal properties of graphene, the fabricated devices
exhibit strong thermoelectric performance suitable for
applications such as wearable electronics. The use of
vacuum filtration enabled the production of uniform, dense
films with stable thermoelectric properties. The resulting
films achieved a Seebeck coefficient of =71 +2.9 uV/K
and an electrical conductivity of 2.3 x 10® S/m, yielding a
power factor of 12.03 + 1.3 yW/mK?2. Sintering at 120 °C
caused a slight decrease in electrical conductivity due to
changes in microstructure and reduced charge transport.
Furthermore, an in-plane prototype device generated a
maximum open circuit voltage of 5.1 mV under a AT of
15 K. Additionally, a cost analysis supports the economic
feasibility of these materials for scalable, sustainable
energy applications. This study highlights the potential of
organic thermoelectric devices for seamless integration
into low-power electronics and wearable technologies.
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