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ABSTRACT: Conductive organic-based thermoelectric generators are
very effective in collecting electricity from waste heat with low-
temperature gradients compared to ambient conditions. Although
studies have been conducted to improve thermoelectric characteristics
by doping conducting polymers, the thermoelectric performances
achieved by accurately controlling the doping level of polymer chains
are currently inadequate. Here, we report changes in thermoelectric
performance of three-armed cross-linker introduced poly(3,4-ethyl-
enedioxythiophene) (PEDOT) derivative two-dimensional (2D) chain
using electrochemical oxidation level control. The charge carrier density
of PEDOT derivative films increased with more positive potentials (from
0.7 X 10% to 4.24 X 10*') and was precisely controlled by varying
potentials. Thermoelectric properties such as electrical conductivity,
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carrier mobility, and Seebeck coeflicients were also manipulated through the application of different potentials. The power factor of
the PEDOT derivative 2D chain was improved to 72.6 yW m™" K* at +0.6 V, which was much higher than that of a neutral state at

-1.4V (51X 107> yW m™! K72).

KEYWORDS: organic thermoelectric, poly(3,4-ethylenedioxythiophene), doping control, electrical conductivity, Seebeck coefficient

B INTRODUCTION

Fossil fuels are currently the primary energy source for meeting
most of society’s demands for electricity. However, the carbon
dioxide generated using fossil fuels is an important contributor
to global warming. Therefore, an urgent need exists for
alternative technologies that can increase the conversion
efficiency of fossil fuels used for generating electricity or,
alternatively, to produce electricity without them. Among the
alternatives, thermoelectric generation (TEG) is an attractive
technology due to its ability to generate power using industrial
waste heat via the Seebeck effect.' ™ The Seebeck effect can
convert temperature differences directly into electrical voltages
and is an important element of thermoelectric (TE)
materials.* ® The efficiency of TE materials is expressed as
the figure of merit ZT = S26T/x, where S is the Seebeck
coeflicient, ¢ is the electrical conductivity, x is the thermal
conductivity, and T is the absolute temperature.”” From this
definition, TE materials have to show large values for S and o,
> However, there are
insufficient thermoelectric materials composed of high natural

with low &, at low temperatures.'*™"

abundance elements that can work in the low-temperature
region (<250 °C)."*~'3 This limitation has triggered studies on
conducting polymers as TE materials. These conducting
polymers are relatively less expensive than inorganic materials
because of the natural abundance of their component atoms
and low toxicities.'®'” Furthermore, these conducting
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polymers are easy to use in TEG devices as they utilize a
solution process and a low-temperature annealing step.'®~>°
To improve the performance of a thermoelectric material,
the three parameters (S, 0, and k) which constitute ZT need to
be simultaneously adjusted. As noted, x as the denominator
should have a small value ranging from 0.1 to 0.6 W m™
K177 In this regard, conducting polymers have sufficiently
small x values. However, with inorganic semiconductors,
complex approaches are required to have small k values.”*™>°
Therefore, in research using conducting polymers as TE
materials, the oxidation level of the polymer chain can be
controlled to obtain a high power factor (PF) (S%6) value. The
electrical conductivity () and the Seebeck coefficient (S) as
elements constituting the power factor have opposite aspects.
That is, the value of ¢ increases in the high oxidation state,
while the S decreases. Thus, to achieve high thermoelectric
performance with conducting polymers, it is necessary to
precisely control the oxidation level of the polymer chain and
to find oxidation conditions in a specific state where PF is
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Figure 1. (a) Chemical structure changes after copolymerization of EDOT and TTB. (b) Ten-cycle CV curves of 2D-PEDOT during
electrochemical polymerization. (c) Low- and (d) high-resolution FE-SEM images of the 2D-PEDOT film.

maximized. One approach to optimizing PF is to control redox
states using molecular doping methods such as sequential
doping, co-processing, and ion-exchange doping.”’~** Among
the three methods, sequential doping and ion-exchange doping
have the advantage of obtaining high electrical conductivity
without modifying the structure of the conducting polymer
film. However, these methods are limited in use in areas where
accurate doping amounts must be accurately controlled. In
addition, the calculation of the oxidation level of these
methods is not simple, and the type of counter ion is limited.
On the other hand, an electrochemical doping method can
better control the oxidation level of the conducting polymer by
tuning the electrode potential and measuring the charging
current.>>** In addition, abundant counter ions are present in
this method to balance doping charges along the polymer
chain using different salts in the electrolyte.

Herein, we report the optimization of the thermoelectric
properties of a three-armed cross-linker introduced poly(3,4-
ethylenedioxythiophene) (PEDOT) derivative two-dimen-
sional chain (2D-PEDOT) through a facile electrochemical
doping method. The 2D-PEDOT chain was synthesized using
electropolymerization of 3,4-ethylenedioxythiophene (EDOT)
and conjugated three-armed cross-linker (1,3,5-tri(2-thienyl)-
benzene (TTB)). A small amount of TTB is covalently bonded
with PEDOT to form a 2D-PEDOT chain, and this structure
has superior electrical performance to conventional PEDOT
chain structures. By simply controlling the oxidation process by
varying the voltages of electrochemical cells, the thermoelectric
properties of the 2D-PEDOT are changed by transforming the
chemical structure of the polymer chain. To modify this
process for thermoelectric application, the influence of the
oxidation level on ¢ and S was systematically investigated and
analyzed. Carrier density and mobility with different oxidation
levels were also investigated to confirm the chemical structure
changes of polymer chains.

B RESULTS AND DISCUSSION

Synthesis of the 2D-PEDOT Chain. The poly(3,4-
ethylenedioxythiophene) derivative 2D chain (2D-PEDOT)
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structure composed of 3,4-ethylenedioxythiophene (EDOT)
and 1,3,5-tri(2-thienyl)-benzene (TTB) was synthesized using
an electrochemical polymerization process (Figure 1la).
Specifically, cyclic voltammetry (CV) scanning was performed
over an optimized potential range (from —1 to +1.4 V) using a
three-electrode system which included an indium tin oxide
(ITO)/poly(ethylene terephthalate) (PET) film as a working
electrode, a reference electrode of Ag/AgCl, and a counter
electrode of Pt (Figure S1). In particular, the potential range
for synthesis was set to include the oxidation potential of the
two monomers (+0.8 V for TTB and +1.25 V for EDOT). To
form a two-dimensional PEDOT chain structure, EDOT and
TTB were added to the electrolyte at 10 and 0.5 mM,
respectively. In this reaction, the TTB molecule must form a
covalent bond with the PEDOT chain to form a polymer
structure in the film. However, if TTB is added in excess to the
electrolyte solution, TTB itself causes a polymerization
reaction, forming different polymer structures. Based on
electrochemical impedance spectroscopy (EIS) of the film
according to TTB concentration, it was shown that one
polymer chain exists at 0.5 mM or less, but two different
polymer chains are created at concentrations greater than 0.5
mM (Figure S2). Figure 1b shows the CV curve of a 2D-
PEDOT film after undergoing an electrochemical reaction ten
times at a scan rate of 100 mV s™'. The area of the CV curve
increased as the number of reactions increased, indicating that
polymer films were continuously generated. The CV curve of
2D-PEDOT had a different shape from films consisting of
EDOT (PEDOT) or TTB (poly-TTB) only (Figure S3). For
electrodes composed of TTB only, significant peaks did not
appear except for redox peaks shown at +0.8 and +0.2 V. In
addition, the CV curve of the 2D-PEDOT film showed a shape
similar to that of the PEDOT film, although it had a larger
area. Thus, synthesized 2D-PEDOT formed a polymer chain
structure composed of TTB and EDOT. Moreover, field
emission scanning electron microscopy (FE-SEM) of 2D-
PEDOT showed a smooth surface with a uniform grain size
(ca. 300 nm) (Figure lc,d). These results confirmed that a
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small amount of TTB formed a uniform polymer chain
structure with EDOT.

Chemical Property Changes of the 2D-PEDOT Chain.
A three-electrode electrochemical process was used to measure
performance changes according to the change in the oxidation
level of synthesized 2D-PEDOT films (Figure 2). Specifically,
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Figure 2. Chemical structures of 2D-PEDOT chains with different
chemical states.

various voltages (from —1.4 to +1.4 V) were applied using the
2D-PEDOT film as a working electrode. After oxidizing, the
polymer films were disconnected from the potentiostat,
washed with isopropyl alcohol (IPA), and dried at 60 °C for
3 hin a nitrogen atmosphere to measure chemical, optical, and
thermoelectric performance changes.

Fourier-transform infrared (FTIR) spectra were used to
analyze the structure and vibration bond changes of the 2D-
PEDOT film. Figure 3a shows the spectra generated (1850—
600 cm™") by transforming the oxidation level of 2D-PEDOT
films from —1 to +1 V. The FTIR spectra of the 2D-PEDOT
film showed peaks originating from PEDOT chains. The band
ca. 1520 cm™" was caused by asymmetric C=C extending in
the thiophene ring, and the symmetric C=C stretching
vibration was generated ca. 1420 cm™".”” Wide and weak band

6980

O]

3 lov
©
~ l+04V
]
c |04V
©
S
= [1ov
£
2 C-O stretching
© & mmer C-S vibration
B ccamum
1800 1500 1200 900 600
Wavenumber (cm™)
(b)
“~ 1oV
=
© (1535an) W?»Oan")
]
e oy a5 onen 1428am)
©
£ .,
E [ e 1423 cm™)
A
: e
E (1516 am™) RS
C=C asymmetry C=C symmetry
1600 1550 1500 1450 1400 1350
Wavenumber (cm)
C
‘ ’ (1410em) (1431em) — 1.0V
o=C mmry_. —_-04V
-— [ —_— 04V
= CHinplane (307 )”\ 1.0V
. (1250 m ) \
S s g A
> m \ OxC asymmatry
] 4
[
8
£
1000 1200 1400 1600 1800

Raman shift (cm™)

Figure 3. (a) Wide (1850—600 cm™) and (b) limited wavenumber
area (1600—1350 cm™) of Fourier-transform infrared (FTIR) spectra
and (c) Raman spectra of 2D-PEDOT with different applied
potentials (black: —1.0 V, red: —0.4 V, blue: 0.4 V, and green: 1.0 V).

center ca. 1370 cm™'was due to C—C ring stretching. The
vibration ca. 1200 cm™' was due to the C—O stretching mode
of the ethylenedioxy group. The 980 cm™' band represented
the C—S vibrating bond of the thiophene ring. However,
oxidation of the 2D-PEDOT film shifted asymmetric and
symmetric C=C bonds of the chain (Figure 3b). Positions of
C=C asymmetric and C=C symmetric peaks changed
(1516—1535 cm™ for C=C asymmetric and 1418—1430
cm ™! for C=C symmetric) due to conversion of the polymer
chain from quinoid to benzenoid structures after applying
more positive voltages up to +1 V. Specifically, the positively
doped species (i.e., polaron and bipolaron) were located over
geometric defects and formed quinoids. Therefore, the higher
the positive voltage, the higher the amount of (bi)polaron,
resulting in a change in the polymer chain to quinoidal.”> With
increasing oxidation, the chain structure changed from
benzenoid to quinoid and also affected the pi-stacking of the
polymer film. As the oxidation level of the polymer film
increases, the overlap between pi-orbitals of adjacent PEDOT
chains may be disrupted, and therefore charge transport might
deteriorate. Raman spectroscopy was also used to further
characterize 2D-PEDOT films (Figure 3c). Strong bands ca.
1410 cm™" (related to C=C symmetric) and ca. 1510 cm™
(associated with C=C asymmetric) shifted at more positive
voltages due to an increase in the number of doped species

https://doi.org/10.1021/acsapm.2c00899
ACS Appl. Polym. Mater. 2022, 4, 6978—6984


https://pubs.acs.org/doi/10.1021/acsapm.2c00899?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00899?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00899?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00899?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00899?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00899?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00899?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.2c00899?fig=fig3&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.2c00899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

(a)

Thiophene 12V

Intensity (a.u.)

160 162 164 166 168 170 172
Binding energy (eV)

(c)
2P S2p

Thio |:-ha-f-?- 04V
nngs

Shake-up
ellite

Intensity (a.u.)

160 162 164 166 168 170 172
Binding energy (eV)

(b)

(d)

2Py, S
06V

Thiophene
nngs

Shake-up
satellite

Intensity (a.u.)

S
2P

160 162 164 166 168 170 172
Binding energy (eV)

2p3p S
10V

Shake-up
satellite

Intensity (a.u.)

” 2pip

160 162 164 166 168 170 172
Binding energy (eV)

Figure 4. S 2p X-ray photoelectron spectra (XPS) of 2D-PEDOT with different applied potentials: (a) —1.2 V; (b) —0.6 V; (c) 0.4 V; and (d) 1.0

V.

(polaron or bipolaron) in the polymer chain. Raman spectra,
therefore, also illustrated the changing proportion of (bi)-
polarons in the polymer chains through the use of constant
voltage charging systems.

The chemical compositions of 2D-PEDOT films were
analyzed using X-ray photoelectron spectroscopy (XPS)
(Figure 4). In the S 2p region of the charged 2D-PEDOT
chains with different applied voltages, the peak width of signals
increased with enhancing charge (i.e,, more positive voltage),
with the other peak intensity at high-binding energy (ca. 170
€V) simultaneously diminishing. This change in signals might
be due to a change in the valance band structure and shake-up
phenomena of polymer chains with various oxidation values. In
particular, the peak intensity of the shake-up satellite of the
polymer films decreased with enhanced oxidation levels. At low
oxidation levels (i, neutral), the transition of valence
electrons across the empty bandgap created a distinct structure
in terms of the high-binding energy of the main S 2p peak.*
On the other hand, the transition can be used in an activated
state and is available in the bandgap for high oxidation levels
(i.e., polarons or bipolarons).”” As a result, increasing oxidation
levels in polymer films can decrease the shake-up satellite peak
and generate a tail on the high-binding energy side to cause the
broadening of the S 2p signal.

Optical Property Changes of the 2D-PEDOT Chain.
UV—vis—near-infrared (NIR) spectra offer a qualitative
evaluation of the neutral and charge carrier concentration of
the polymer chain; therefore, it was used to investigate the
types and transitions of carriers with different oxidation levels.
As shown in Figure Sa, the polymer film at —1.0 V displayed a
broad band in the visible (400—600 nm) and ca. 850 nm
regions due to less oxidization of the polymer chain. On the
other hand, as more polymer films were charged from —0.6 to
+0.2 V, the IR background continued to increase, and
polaronic transition became more pronounced at 1400 nm
or more, while an absorption reduction was observed in the
visible (400—600 nm) and ca. 850 nm areas. These spectra
changes illustrate that PEDOT derivative films at more positive
potentials will undergo oxidation such that the electron
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Figure S. (a) UV—vis—NIR absorption of 2D-PEDOT with various
applied potentials (voltage was applied at intervals of 0.2 V from —1.4
to +1.4 V). (b) Normalized absorption of 2D-PEDOT with the
change of the chemical state in different wavelength ranges: visible
(400—600 nm) and near-infrared (800—1000/1650 nm).

transfer to the polymer film transforms the neutral structure
to polarons.”® Moreover, higher oxidation levels (from +0.2 V)
can increase the intensity of the band above 1400 nm and
decrease bands in the visible (400—600 nm) and ca. 850 nm
regions because the carrier type changes from polarons to
bipolarons.” Absorption results of the polymer film in
different wavelength ranges (400—600, 800—1000, and 1650
nm) are shown in Figure Sb. The absorption continuously
decreased at low wavelength bands (visible (400—600 nm) and
800—1000 nm) but consistently increased around the NIR
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range (1650 nm). In particular, the intensity of the visible
region (400—600 nm) displays two rapid dropwise regions
(from —0.6 to —0.4 V and from 0 to +0.2 V) because of carrier
changes from neutral to polarons and from polarons to
bipolarons.*>*!

Thermoelectric Property Changes of the 2D-PEDOT
Chain. The substrate used in this work was an ITO-coated
PET film. Once PEDOT derivative films are grown on the ITO
substrate, the electrical conductivity of the polymer films
would be higher than originally. To solve this problem,
successful transfer of the polymer films from a conductive
substrate (ITO/PET) to an insulating substrate (glass) was
perfogmed using adhesive polymer (epoxy resin) (Figure
$5).*

To evaluate the material’s thermoelectric characteristics,
four-probe in-plane electrical conductivity, Seebeck coefficient,
electrochemical carrier density, and carrier mobility of the
polymer films were measured at room temperature. Figure 6a
shows the electrical conductivities of films with different
oxidation levels (from —1.4 to +1.4 V). When the positive
potential was increased, the carrier density of the polymer
chain was improved from 0.7 X 10* to 4.24 X 10*' (Figure
6b). Thus, the electrical conductivity increased as the oxidation
level increased. In particular, as the charge transport property
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Figure 6. (a) Electrical conductivity, (b) carrier density and carrier
mobility, and (c) Seebeck coefficient and power factor of 2D-PEDOT
films with applied voltage variations.
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changed from neutral to polarons (from —0.8 to —0.6 V) and
from polarons to bipolarons (—0.2 to 0 V), the electrical
conductivity increased rapidly. Electrical conductivity reached
a peak value of 229.5 S cm™" at an applied potential of +0.6 V
(Figure 63, inset). On the other hand, high applied potentials
(from +1.2 V) overoxidized the polymer films, which caused a
rapid diminution of the electrical conductivity (to 1.3 X 107 S
cm™ at 1.4 V) in spite of an abundance of charge carriers.*’ In
addition, the morphology of the film at an overoxidized state
suggested a different explanation. Namely, grains on the
surface of the film collapse, and polymers suspended from the
surface become agglomerated so that a two-dimensional planar
structure is no longer formed (Figure S6). Moreover, carrier
mobility originating from electrical conductivity and calculated
carrier density (o = peN, where y is the carrier mobility, e is the
electron or hole charge, and N is the carrier density from
charge current) suggests enhancement up to +1.0 V potentials
and rapid diminishment from +1.2 V, respectively, because of
the improvement of the electrical conductivity with higher
carrier density and destruction of the polymer chains when
overoxidized (Figure S7a). The Seebeck coefficient (S) is a
criterion that illustrates the basic electronic movement ability
of a material. It stands on the entropy of a carrier with a unit
charge. The Seebeck coeflicient presents a contrasting aspect
to the electrical conductivity, which is inversely proportional to
the carrier density (Figure 6c). The Seebeck coefficient
displayed the highest value at —1.4 V (156.3 4V K™') and
the lowest value at 0.6 V (55.12 uV K™'). Consequently, the
power factor (PF = 6S5?) of the films suggested 72.6 yW m™!
K2 as the highest value at +0.6 V and 1.3 X 107 yW m™' K2
as the lowest value at +1.4 V (Figure S7b). In addition, to
confirm the stability of the 2D-PEDOT film with adjusted
oxidation states, thermoelectric performance factors (¢ and S)
according to a time interval of 4 weeks were compared. As
shown in Figure S8, there is little change in the value of the
performance factors over time. Therefore, the 2D-PEDOT film
subjected to a chemical oxidation change maintains a constant
state without a state change over time.

B CONCLUSIONS

In summary, we evaluated the thermoelectric properties of 2D-
PEDOT films using controlled electrochemical oxidation
levels. These polymer films exhibited enhanced electro-
chemical charge transport at more positive potentials because
these positive potentials generated charge transfer (hole) in the
polymer chains. The value of the carrier density in the polymer
chains changed from 0.7 X 10* at —1.4 V to 4.24 x 10*' at
+1.4 V potential. Thermoelectric properties such as electrical
conductivity, carrier mobility, and Seebeck coeflicient were
then exactly controlled using various applied potentials.
Consequently, the power factor of the 2D-PEDOT film
displayed a maximum value of 72.6 yW m™" K™ at +0.6 V,
which was much higher than that achieved in a neutral state
(5.1 X 107 yW m™" K™?) or with an overoxidized state (1.3 X
1073 gW m™" K™2). The results reported here indicate that
simple electrochemical oxidation level control could be used to
modify the thermoelectric properties of other conductive
organic materials.

B MATERIALS AND METHODS

Materials. 3,4-ethylenedioxythiophene (EDOT), 1,3,5-tri(2-thien-
yl)-benzene (TTB), tetrabutylammonium perchlorate, and propylene
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carbonate were purchased from Aldrich Chemical Co. and used
without further purification.

Synthesis of 2D-PEDOT Chains. Prior to synthesis, an ITO-
coated PET film was cleaned with acetone, isopropyl alcohol (IPA),
and distilled water in sequence. The cleaned ITO-coated PET film
was immersed in an electrolyte solution that contained propylene
carbonate as a solvent, 0.1 M tetrabutylammonium perchlorate as a
salt, and 10 mM EDOT and 0.5 mM TTB as monomers. The
electropolymerization was conducted at room temperature over a
voltage range of —1.0 to +1.4 V (vs saturated calomel electrode
(SCE)) using 100 mV s~ of scan rate for 10 cycles. The
electropolymerization process was conducted with an SP-200
potentiostat (Biologic). 2D-PEDOT decorated-PET films were then
removed, carefully washed with isopropyl alcohol (IPA), and dried at
60 °C for 2 h.

Chemical State Changes of 2D-PEDOT Chains. The chemical
state of the 2D-PEDOT film was controlled using an electrochemical
process. All electrochemical processing was conducted with an SP-200
potentiostat (Biologic). In detail, 2D-PEDOT films were placed in an
electrochemical cell consisting of a counter electrode (platinum wire),
a reference electrode (Ag/AgCl), and an electrolyte (0.1 M
tetrabutylammonium perchlorate in the propylene carbonate). 2D-
PEDOT films were then held at different set potentials (—1.4 to 1.4 V
vs SCE) for 3 min. Films were then washed with IPA and dried at 60
°C for 3 h in a nitrogen atmosphere.

Characterizations. A Hitachi S-2700 was used to obtain field-
emission scanning electron microscopy (FE-SEM) images. Fourier-
transform infrared (FTIR) and Raman spectra were measured using
an IRTracer-100 (Shimadzu) and LabRam HR Evo confocal Raman
(Horiba, 785 nm), respectively. UV—vis—NIR spectra were collected
on a UV-3600 Plus spectrophotometer (Shimadzu). X-ray photo-
electron spectroscopy (XPS) was performed using an Axis Nova
(Kratos).

Thermoelectric Coefficients Measurement of 2D-PEDOT
Films. To measure thermoelectric coefficients, PEDOT derivative
films were transferred from the conductive substrate (ITO/PET) to
the insulating substrate (epoxy/glass). In detail, insulating epoxy
adhesive (Epoxies, #20-3302) coated glass substrates were placed on
PEDOT derivative film surfaces and cured at room temperature for 6
h. The ITO/PET substrate was then peeled away from the film
surface to form PEDOT/epoxy multilayers on the glass substrate. For
thermoelectric measurements, contacts were made to samples after a
transfer process using thermal evaporation of gold through a shadow
mask (Al).

The electrical conductivity of the film was measured using a four-
point probe with a Keithley 2400 source-meter unit. The electrical
conductivity (6, S cm™) of the film was calculated using the following
equation 6 = L/(R-A), where L is the film thickness (cm), R is the
film resistance (), and A is the cross-sectional area (cm?) of the film
between contact parts. The Seebeck factor (S) measurement was
performed using a custom setting in which two tungsten tips
(Keithley 2700) and two thermocouple probes (Fluke 1529) were
used for measuring voltage (V) and temperature (T). Among device
components, a Peltier element 10 mm away provided a temperature
difference (AT = Ty — Tc). Measurements were made with a AT of
about 300 + 3 K.
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