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Synthesis engineering and development of emergent conducting pi-
conjugated materials: applications in energy harvesting and storage
devices

German D. Gémez Higuita,*2® Jodo H. C. Bocchi,® Yosthyn M. Ariza Florez,® Gustavo G Dalkiranis,?
Bianca de Andrade Feitosa,® Diego Sousa,? Sara Luiza Gusso,© Marcos Luginieski,® Jodo Vitor de
Lima,? Rafael F. Santiago de Souza? and Gregério Couto Faria.**2

The synthesis engineering and development of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) have revolutionized the field of conducting n-conjugated materials, offering a robust and versatile
platform for energy harvesting and storage applications. By fine-tuning synthesis parameters and doping
strategies, the optoelectronic properties of PEDOT:PSS can be tailored for specific optoelectronic applications.
Here, we report on recent advancements in the synthesis engineering of PEDOT:PSS inks, specially developed
for energy harvesting and storage devices. Of particular interest is the application of the synthesized
PEDOT:PSS as p-type organic thermoelectric materials, hole-transport layer (HTL) in organic solar cells (OSCs),
and battery/supercapacitor electrodes. The PEDOT:PSS inks synthesized herein, based on the Louwet route,
were compared with state-of-the-art commercially available PEDOT:PSS inks, demonstrating similar or
superior performances. For Thermoelectric Generators (TEGs), our best formulation exhibited a Seebeck
coefficient of approximately 12.6 uV/K, surpassing the 12.3 uV/K of commercial PEDOT:PSS ink (CLEVIOS™ PH
1000). In OSCs, our HTL proprietary ink achieved efficiencies and photovoltaic parameters comparable to those
of the well-known commercial CLEVIOS™ P VP Al 4083. Similar results were obtained in energy storage devices,
where the conductive PEDOT:PSS synthesized herein outperformed commercially available formulations, both
in open-circuit voltage and discharge tests. Insights provided in this manuscript underscore the critical role of
fine-tuning and synthesis engineering in advancing high-performance and scalable energy harvesting and
storage devices.
expansion of renewable sources, such as wind, solar and
thermoelectricity technologies to name a few.3
In this context, Organic Electronics (OE) have emerged as a

The global energy matrix still relies predominantly on non-
renewable sources. Indeed, over 75% of the world’s energy
production is derived from burning fossil fuels — namely oil, coal, and
natural gas — which are the primary contributors to global climate
change and greenhouse gas emissions.! Moreover, the International
Energy Agency (IEA) forecasts a 25% increase in global energy
demand by 2040, intensifying the urgency for a transition towards
cleaner and more sustainable energy sources.? Such energy
transition necessary passes through the development and use
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promising platform for developing next-generation sustainable
energy technologies, due to their low carbon footprint,
environmentally friendly manufacturing processes, and
compatibility  with solution-based fabrication
methods.*> Among the vast palette of organic molecules and
polymeric materials employed in OE, the most prominent is the
poly(3,4-ethylenedioxythiophene) (PEDOT), a
conducting polymer derived from thiophene monomers. The
combination of excellent mixed electron-ion conductivity and
long-term stability justifies its prominent role within OE and
beyond. PEDOT is typically obtained through the polymerization
of EDOT monomers in the presence of polystyrene sulfonate
(PSS), forming a polyelectrolyte complex known as PEDOT:PSS.6
Another remarkable advantage of PEDOT:PSS is its ability to
tune its final properties via synthesis engineering processes.”
Adjustments to electronic mobility and doping level are also
possible through the inclusion of secondary additives.®~*? These

low-cost

well-known
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tunable properties make PEDOT:PSS a highly versatile material,
enabling its use across a broad range of applications, including
energy harvesting and storage technologies.*613.14

PEDOT:PSS is widely employed in energy harvesting devices,
especially in organic solar cells (OSCs) and thermoelectric
generators (TEGs). In OSCs, it acts as an effective hole transport
layer (HTL), facilitating efficient charge extraction and work-
function alignment, which leads to enhanced device
performance.'>*2 Its high transparency in the visible spectrum,
relatively high hole mobility, and favorable energy levels,
combined with water solubility and low-temperature
processing, make PEDOT:PSS a preferred HTL material.’*=21 In
TEGs, PEDOT:PSS serves as a p-type material, leveraging the
Seebeck effect, whereby a thermal gradient induces the flow of
charge carriers from hot to cold regions.?? The thermoelectric
performance is typically described by the figure of merit
ZT = S%.0-T/k, where S is the Seebeck coefficient, o the
electrical conductivity, k the thermal conductivity, and T the
absolute temperature.?2724 Strategies to enhance the power
factor (5%0), such as acid post-treatment,2®> thermal
annealing,?® and secondary doping,?’ have been shown to
significantly improve the conductivity of PEDOT:PSS without
affecting the Seebeck coefficient.?4282°9

Beyond energy harvesting, PEDOT:PSS has also
demonstrated great potential in energy storage systems, due to
its ability to transport both ionic and electronic charges, along
with its high electrochemical stability.3%3! Indeed, PEDOT:PSS-
based batteries have played an important role in the
development of the neuromorphic electronics field, as they
formed the foundational concept behind organic neuromorphic
devices.3233 These batteries operate by leveraging a doping
asymmetry between two PEDOT:PSS electrodes separated by
an electrolyte layer. One electrode remains oxidized (doped,
PEDOT:PSS), while the other is dedoped, typically via treatment
with polyethylenimine (PEl), either by dipping the electrode into
a PEIl solution,3! or by exposing it to PEI vapor.3?

In the work presented here, we report on the synthesis
engineering of a series of PEDOT:PSS inks specifically tailored for
application in TEGs, OSCs, and polymer-based batteries. Our inks
demonstrated similar or superior performance compared to leading
commercial PEDOT:PSS formulations. For TEGs, our best formulation
exhibited a Seebeck coefficient of (12.60 + 0.06) uV/K, surpassing the
(12.32 + 0.06) uV/K obtained with the commercial PEDOT:PSS ink
CLEVIOS™ PH 1000. In OSCs, the tailored inks achieved efficiencies
and photovoltaic parameters comparable to those of the well-known
commercial CLEVIOS™ P VP Al 4083. Similar advantages were
observed in energy storage devices, where our synthesized
PEDOT:PSS outperformed PH1000 in both open-circuit voltage and
discharge behavior. This study not only focuses on the optimization
of the functional properties of conductive polymers but also
highlights the growing role of Latin American research in developing
sustainable and scalable materials for global energy technologies.

2| J. Name., 2012, 00, 1-3
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PEDOT:PSS synthesis engineering

The synthesis of PEDOT:PSS inks was carried out following
the strategy developed in our previous studies.”® In these
works, we modified the Louwet synthetic route by adjusting the
molar ratio between the oxidizing agent and the EDOT
monomer, allowing us to tune the charge density and electronic
properties of the resulting PEDOT:PSS films.

Briefly, PEDOT:PSS inks were synthesized via the oxidative
polymerization of 3,4-ethylenedioxythiophene (EDOT, Aldrich)
in the presence of an aqueous solution of poly(styrene sulfonic
acid) (PSS, Mw = 75 kDa, Aldrich), using either potassium
persulfate (K,S,0g, Aldrich) or sodium persulfate (Na,S,0g,
Aldrich) as oxidizing agents, and Fe»(SO,)3-5H,0 (Aldrich) as a
coadjutant catalyst. The molar equivalents of K,S,0z or Na,S,0g
relative to the EDOT monomer, were varied from 0.5 to 5, which
justifies their labels as 0.5P, 1P, 2P, 3P, 4P, and 5P (see Table 1),
hereafter referred as the P-family PEDOT:PSS inks. The oxidant
was added dropwise over several hours under nitrogen
atmosphere.

After polymerization, the dispersion was purified in a
dialysis tube (Thermo Fisher, MWCO = 3.5 kDa) to remove
residual reagents and unreacted monomers. The final
concentration was adjusted to 1.2 wt% for all inks. The P-family
PEDOT:PSS inks were tested in energy harvesting and storage
devices and compared to the performance of state-of-the-art
commercially available PEDOT:PSS inks, starting with
thermoelectric generator applications.

Table 1. PEDOT:PSS pre-synthesis PSS/EDOT and oxidizing/EDOT
molar ratio.

. Pre-synthesis (K,S,0g or
Pre-synth PSS/EDOT
Code re-syn . esis PSS/ Na,S,0g)/EDOT
molar ratio [mmol/mmol] .
molar ratio [mmol/mmol]
0.5P 0.522/0.275=1.9 0.139/0.275=0.5
1P 0.522/0.275=1.9 0.275/0.275=1
2P 0.522/0.275=1.9 0.550/0.275=2
3P 0.522/0.275=1.9 0.834/0.275=3
5P 0.522/0.275=1.9 1.392/0.275=5

TEG application

As already mentioned, PEDOT:PSS is a material widely
studied for polymer-based thermoelectric applications.
Generally, studies use solvents such as dimethyl sulfoxide
(DMSO) or ethylene glycol (EG) to improve the thermoelectric
properties of commercial PEDOT:PSS inks, a process known as
secondary doping.2*34-38 |n this doping process, phase
separation occurs between PEDOT and PSS molecules, leading
to an increase in electrical conductivity without significantly
affecting the Seebeck coefficient values.3%-3° Here, we studied
the influence of PEDOT:PSS inks with varying doping levels on
the Seebeck coefficient.

For the thermoelectric characterization of PEDOT:PSS films,
including Seebeck coefficient and electrical conductivity

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (a) Scheme of measuring system used to determine the Seebeck coefficient and electrical conductivity. (b) Deconvolution of the vibrational mode at 1438 cm™. (c) Ratio
between the area of quinoid and benzoid structure contribution. (d) Seebeck Coefficient of PEDOT:PSS inks. The uncertainty intervals are smaller than the data points.

measurements, we used a lab-made system (Figure 1a), as
described in the Experimental Section and detailed elsewhere.*°
We evaluated six PEDOT:PSS inks previously reported by our
group and discussed in the synthesis section (P-family
PEDOT:PSS inks).” To verify the doping levels, Raman
spectroscopy measurements were performed on the P-family
inks, see Figure SI-1. By analyzing the vibrational mode around
1438 cm™ (Figure 1b), corresponding to the symmetric
stretching of the aromatic C, =Cp bond, the relative
contributions of the quinoid (doped) and benzenoid (neutral)
structures — and thus the doping efficiency — could be
assessed.*! The vibrational mode was deconvoluted using
Gaussian fit (Figure 1b) and the area ratio of quinoid to
benzenoid contributions was calculated (Figure 1c). Figure 1c
shows that the 0.5P sample exhibits the highest doping level as
it presents the highest contribution of the quinoid structure.
Figure 1d depicts the Seebeck coefficient values of each P-
family PEDOT:PSS film sample. The 1P sample exhibited the
highest Seebeck coefficient, approximately (7.36 + 0.02) uV/K
among the P-family inks. Moreover, the samples synthesized
with higher molar ratios of Na,S,0g to EDOT (such as the 5P ink)
exhibited lower Seebeck coefficients, demonstrating that the
Seebeck coefficient decreases with increasing oxidizing agent
content during polymerization (see Table 1).

Electrical conductivity was determined by means of current
—voltage (IV) measurements, from which the power factor (PF)
of PEDOT:PSS was calculated (see Figure SI-2). Although the
0.5P sample exhibited the highest doping level (Figure 1c), it
showed the lowest carrier density (polaron and bipolaron
intensities) among the analyzed samples, as indicated by UV-
Vis-NIR spectroscopy (see Figure SI-3). This apparent
contradiction is attributed to the lower conversion efficiency
from EDOT to PEDOT in sample 0.5P, due to the lower amount
of oxidizing agent used during polymerization.” Conversely, the

This journal is © The Royal Society of Chemistry 20xx

2P sample demonstrated the highest electrical conductivity,
approximately (10.83 + 0.09) S/cm, attributed to its apparently
higher carrier density, (see Figure SI-3) resulting from a greater
number of conductive PEDOT chains. The 1P sample achieved
the highest PF, around (0.053 + 0.001) uW/(K?-m) (see Figure SI-
1). These results suggest that, despite its lower conductivity
compared to the 2P sample, the balanced interplay between
doping level and carrier density in the 1P composition was more
favorable for maximizing the PF.

Since the samples exhibited lower Seebeck coefficients than
the commercial PEDOT:PSS ink (Clevious™ PH1000, 12.32 *
0.06) uV/K, a new ink was synthesized aiming to increase the
conjugation length of PEDOT chain, thereby increasing Seebeck
coefficient (as percolation would dominate the conductive
mechanism as opposed to hoping processes).*? Thus, the newly
synthesized sample, named Fluxel, maintained the
Na,S,0s/EDOT molar ratio equal to 1, as the 1P sample
exhibited the highest Seebeck coefficient, while reducing the
molar ratio of EDOT to PSS.

FTIR and UV-Vis-NIR measurements (Figures SI-4 and SI-3,
respectively) confirmed a higher degree of conjugation in the
Fluxel ink compared to the 1P sample. In particular, the FTIR
spectra reveals that the ratio between the infrared bands at 685
cm™ and 830 cm?, associated with the CH vibrations of mono-
and bi-substituted EDOT units, respectively,*3** was lower than
that observed for the 1P sample, indicating a higher degree of
PEDOT polymerization, see Table SI-1.7¢ UV-Vis-NIR spectra
further revealed increased absorption at wavelengths
associated with bipolaron bands, consistent with a higher
density of charge carriers. Raman analysis (Figure SI-1) suggests
that the doping level of the Fluxel ink is similar to that of the 1P
sample.

The increase in conjugation length led directly to an
enhancement of the Seebeck coefficient. This behavior is

J. Name., 2013, 00, 1-3 | 3
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expected, since these inks possesses a low charge carrier
density; thus, an increase in carrier concentration —and possibly
mobility — due to the extended conjugation length contributes
positively to the Seebeck coefficient.?* Additionally, Atomic
Force Microscopy (AFM) analysis was also performed to
compare surface morphology. The Root Mean Square (RMS)
roughness values obtained were 2.99 + 0.31 nm for the Fluxel
film and 0.87 £ 0.07 nm for the PH1000 reference, as shown in
Figure SI-5. Although both films exhibit relatively low RMS
values, the Fluxel film is noticeably rougher, indicating that
there is still room for improvement in solution processing—such
as through the use and optimization of surfactant additives.

The Seebeck coefficient for the newly synthesized ink is
presented in Figure 1d (red star). It is noteworthy that the
maximum Seebeck coefficient obtained for Fluxel ink was (12.62
+ 0.06) uV/K, exceeding the value measured for a commercial
PEDOT:PSS ink (Clevious™ PH1000), which was (12.32 + 0.06)
uV/K. Finally, the electrical conductivity of Fluxel was
determined to be (78.04 + 0.09) S/cm, leading to a PF of (1.24 +
0.02) uW/(K2m).

OSC application

To investigate the performance of the PEDOT:PSS inks
specifically synthesized for organic solar cells (OSCs), we
employed them as hole transport layers (HTLs) in OSCs based
on the PBDB-T-2F:Y6 system. A conventional device structure
was used, consisting of glass/ITO/PEDOT:PSS/PBDB-T-
2F:Y6/PFN-Br/Ag, as shown in Figure 2a. The chemical
structures of PBDB-T-2F and Y6 are depicted in Figure 2b. The
PBDB-T-2F:Y6 blend is widely recognized as the current
benchmark in the OSC field, owing to its broad spectral
absorption and efficient charge transport, with reported power
conversion efficiencies exceeding 18%.%° Its optimized energy

levels and scalable processing also enable superiar . device
stability and industrial relevance. DOI: 10.1039/D5SMA00692A

Initial tests were conducted by evaluating all the P-family
PEDOT:PSS inks. It is worth mentioning that only the 0.5P ink
exhibited acceptable performance and was thus selected for
further investigation. We compared the PEDOT:PSS ink
synthesized herein with three commercially available
PEDOT:PSS inks specifically developed for HTL applications:
CLEVIOS™ P VP Al 4083,% Clevios P,*” and HTL Solar.*® These
state-of-the-art PEDOT:PSS-based HTLs have been widely
applied in the field of organic solar cells. The current density
versus voltage (J-V) curves of the OSCs fabricated with the
different PEDOT:PSS inks are presented in Figure 2c, and the
corresponding photovoltaic parameters are summarized in
Table SI-2. Devices employing the 0.5P, Clevios™ P, and HTL
Solar inks exhibited J-V characteristics with poor rectification
behavior, limiting charge extraction and resulting in low fill
factor (FF) values (below 60%). To overcome these limitations,
we improved the formulation of the 0.5P ink by optimizing the
PEDOT concentration, yielding a new ink denoted as Polaraci.
Our Polaraci ink achieved a power conversion efficiency (PCE)
of (13.6 + 0.5) %, a short-circuit current density (Jsc) of (24 £ 1)
mA.cm2, an open-circuit voltage (Voc) of (0.828 £ 0.004) V and
FF of (69.1 + 0.8) %. These results are comparable to those
obtained using the commercial Clevios™ P VP Al 4083 ink,
which shows a PCE of (13.7 £ 0.5) %, a Jsc of (23.5 £ 0.7) mA.cm"
2,aVocof (0.838 £0.004) V and FF of (69.3 + 1.5) %. The Polaraci
and Al4083 present similar performance, except for a slight
variation in open-circuit voltage (Voc). This can be attributed to
the work function differences between the Polaraci and Al 4083
(Figure 2d), which influence the energy level alignment at the
interface with the active layer, thereby affecting the built-in
potential and ultimately the V184950

The dark J-V characteristics, presented on a logarithmic
scale in Figure 2e, reveal that devices utilizing Al4083 and
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Figure 2. (a) Device structure, (b) Chemical structures of PBDB—T—2F and Y6. (c) the light J-V curves of OSCs. (d) Energy level alignment of OSCs (the work function of
the HTL variants were obtained experimentally through AFM by the Kelvin Probe method). (e) Dark J-V curves of OSCs and (f) UV-Vis spectra of PEDOT:PSS inks used as
HTL in OSC. The region comprehended between 400 nm and 1100 nm was re-scaled for better visualization.
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Polaraci as the HTL layer exhibit lower reverse saturation
current densities compared to those using Clevios™ P and HTL
Solar. This result suggests a substantial suppression of current
leakage,
consequently leading to enhanced device performance and
stability.>1=>3 To investigate the origin of electron blocking
differences between the PEDOT:PSS inks, we compared their UV
— Vis absorption spectra individually, as shown in Figure 2f. The
results indicated that Clevios™ P, HTL solar and 0.5P are the inks
with higher absorbance intensity of polarons (peak at 830
nm)!54 and bipolarons (peak beyond 1100 nm)1>4 compared
with Al 4083 and Polaraci. As the absorbance intensity is
proportional to concentration of absorbing species, it is fair to
conclude that the inks that showed lower FF, present higher
polaron/bipolaron density, implying an increase in electrical
conductivity.> This higher conductivity could result in a reduced
electron barrier and increased recombination rates within the
hole transport layer of the device.>3:5°

Our Polaraci ink outperforms significantly the commercial
Clevios P and HTL Solar widely used in the literature.5’=>° In
addition, the material synthesized in this work exhibited
standard deviations in PCE, Jsc, FF and in Voc compared to
Al4083, as shown in the box plot (Figure 3), presenting
equivalent reproducibility. Indeed, due to material and process

indicating more effective electron blocking and

instabilities, reproducibility in OSCs remains one of the major
challenges in the research and development of this
technology.®%%1 Additionally, AFM was used to compare the
surface morphology of the HTL films. The RMS roughness values
obtained were 0.68 + 0.06 nm for the Polaraci ink and 0.75 +
0.01 nm for Al4083 (Figure SI-5), indicating similarly smooth and
homogeneous surfaces.

To study the charge dynamics within the devices, we
analyzed the photocurrent density (J,n) as a function of effective
voltage (V.),%%%3 as presented in Figure SI-6. J,,, was determined

This journal is © The Royal Society of Chemistry 20xx
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from the light and dark current density—vgltage..dx\)
characteristics using the relation J,p, = J,-RS) WReFE I Fepirasedts
the current density under illumination and Jp represents the
current density under dark conditions. The effective voltage
(Vetr) was calculated by subtracting the applied bias voltage (Va)
from the voltage V, (Jpn = 0).54%5 The exciton generation rate
(Gmax) Was extracted using the relationship J;;;=q X L X Guox
where Ji; is the saturation photocurrent density, q is the
elementary charge, and L is the active layer thickness. The
dissociation probability (Pgiss = Jsc/Jsat) and charge collecting
probability (Peon = Jmpe/Jsat) Were calculated under short circuit
conditions and at the maximum power point, respectively. The
results are summarized in Table 2.

Clevios™ P, HTL Solar, and 0.5P exhibit higher exciton
generation rates but suffer from reduced dissociation and
charge collection efficiencies. This inefficiency suggests that,
despite their superior light absorption and exciton generation
capabilities, a significant fraction of excitons either fail to
dissociate or recombine before contributing to the
photocurrent, thereby reducing overall device performance. In
contrast, Al 4083 and Polaraci exhibit comparable exciton
generation rates as well as exceptionally high probability in both
exciton dissociation and charge collection. The observed trends
iN Gmax, Pdisss, and Py indicate superior performance for both
HTLs, consistent with the higher JSC and FF values observed in
the OSCs.%%%7 These favorable properties make Al 4083 and
Polaraci ideal candidates for OSCs
recombination losses is crucial, as they efficiently convert
generated excitons into free charge carriers and facilitate their
collection at the electrodes.®®

where minimizing

Table 2. Exciton generation rate (G,.,), dissociation efficiency (Pgs)
and charge collection efficiency (P.,) of PBDB-T-2F:Y6 for PEDOT:PSS
inks types.

Sample Gpax (M3s71) x 1028 Paiss (%) Peoit (%)

0.5P 2.07 87.09 68.38
Polaraci 151 96.67 83.83
Al 4083 1.50 97.48 85.94
Clevios P 2.16 91.67 73.86
HTL solar 2.25 92.36 75.23

Battery/Supercapacitor application

Polymer-based energy storage devices, such as batteries
and supercapacitors, have been extensively proposed and
studied in the technical literature with great success.31.69-72 A
battery is an electrochemical device composed of two
electrodes bridged by an electrolyte. Oxidation occurs on the
anode electrode, where electrons are released. Reduction,
conversely, takes place at the cathode, where electrons are
accepted. The electrolyte facilitates ion movement between the
electrodes to maintain charge balance while preventing direct
electron flow. During the charging process, an external voltage
applied between the two electrodes drives electrons from the
cathode to the anode, while ions in the electrolyte migrate to

J. Name., 2013, 00, 1-3 | 5
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loads.

maintain charge balance. This setup allows the battery to
generate an electric current through controlled chemical
reactions, making it a reliable energy storage and delivery
system. During discharge, the stored chemical energy is
converted back into electrical energy, with electrons flowing
through the external circuit and releasing Gibbs free energy.”?

The inks developed in this work are regarded as strong
candidates for such applications, as fine-tuning the ratio of
EDOT monomer, PSS counterion, and oxidizing agent enables
precise control over the polymer’s oxidation state. Here, we
employ the synthesized PEDOT:PSS inks, with different doping
levels, as anode electrodes, as a PEDOT:PSS(PH1000)-PElI
replacement. The structure of our battery device is shown in
Figure 4a. In all constructed battery devices, the cathode was
fixed using the commercially available PEDOT:PSS (PH1000). On
the other hand, our synthesized materials were applied as the
anode material. PSSNa was used as an electrolyte. These
devices were fabricated based on an initial selection of inks with
varying ratios of EDOT and oxidizing agent, following the same
approach used in the TEG application section, in accordance
with a previous study on neuromorphic devices from our
group,® and referend in de P family (Table 1). In a rechargeable
battery, both electrodes must be reversible and stable upon
successive oxidation and reduction reactions. Furthermore,
achieving a higher Vo in batteries or supercapacitors requires a
larger difference between the oxidation states of the
electrodes. One of the strategies in the literature for controlling
the oxidation state of organic PEDOT:PSS electrodes is the use
of PEl. This compound plays a key role in stabilizing the
oxidation level of PEDOT:PSS under air exposure. According to
Ref 3171, exposure to PEl allows for a partial reduction of
PEDOT:PSS, converting some of its chains to the neutral state.
This process reduces the oxidation level of PEDOT, a necessary
condition to create a potential difference between electrodes,
enabling battery operation.

6 | J. Name., 2012, 00, 1-3

However, the neutral state of PEDOT? is highly sensitive to
atmospheric oxygen, making it prone to spontaneous
reoxidation. PEl acts as a barrier against reoxidation, allowing
batteries to exhibit a stable Vg, reported to range from 0.5 V to
0.8V.3171 Here, we applied the strategy of dedoping the anode
electrode with PEI, as described in the experimental section, to
increase the difference in the oxidation levels between the
electrodes. For comparison purposes, a device was constructed
using the commercial PEDOT:PSS anode (PH1000), also
dedoped with PEI, and will be referred to as PH1000 throughout
this work. Once the devices were assembled, the open-circuit
voltage (Voc) was measured immediately and monitored for
approximately 10 hours (Figure 4b).

In Figure 4b, we present the best-performing battery from
the P family inks, referred to the 1P (Table 1), which exhibited a
Voc of 0.52 V - well within the range reported in the literature.
However, this value is slightly lower than that of the PH1000-
based device, which reached 0.54V under the same
experimental conditions. Based on these results, we selected
the 1P ink as a starting point to perform modifications in the
synthesis process aimed at enhancing ion uptake. Here, the
PEDOT conjugation length as well as the PSS content were
optimized, resulting in the Tupane formulation. FTIR analysis
(Figure SI-4) indicated a higher degree of conjugation in the
Tupane formulation compared to the 1P ink, as evidenced by a
lower 835/685 cm™ band intensity ratio. This trend is consistent
with the interpretation discussed previously in the TEG section.
Additionally, AFM measurements revealed an RMS roughness
of 1.32 £ 0.21 nm for the Tupane film (Figure SI-5), suggesting a
more textured surface that may facilitate ion—electrode
interactions.

Such proprietary formulation enabled a battery with V¢ of
0.67 V - higher than that of the device based on commercial
materials. Additionally, its potential increased to a maximum of
0.69 V within the first 10 minutes, before the discharge process

This journal is © The Royal Society of Chemistry 20xx
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began. This increase has been reported before in other works
and attributed to the continuous reduction of the PEDOT film in
contact with PEL.7! This effect might be associated with the drift
of ionic species in the electrolyte towards the cathode and
anode right after fabrication, increasing the double-layer
capacitance at each electrode and, consequently, the open-
circuit voltage. The better Voc observed might be associated
with a larger difference in oxidation levels between the
electrodes. Exposure to PEl vapor reduces the PSS- chains,
balancing with PEl evaporation byproducts and decreasing the
concentration of h+. This process lowers the Fermi level and
conductivity. By comparing with a PH1000-based battery, we
were able to show that, indeed, the controlling of the doping
level of the anode changes the discharging time across distinct
resistances of 200 kQ and 1 MQ (Figure 4c and d, respectively),
where the Tupane-based battery had a better performance
than the battery based on commercial materials. These results
confirm that optimizing the oxidation levels of PEDOT:PSS inks
with chemical formulation that are prone for higher
incorporation of PEl treatment are critical strategies for
improving the performance of energy storage units.

Conclusions

The synthesis engineering approach wherein discussed, based
on varying synthesis parameters, such as temperature, time,
cosolvent addition as well as distinct concentration of oxidant
agents, enabled us to design the following PEDOT:PSS
formulation, tailored for specific energy applications:

For Thermoelectric Generators (TEGs): The Fluxel
formulation, derived from 1P, meets the correct balance
between electronic conductivity and thermal properties,
enhancing the Seebeck effect. The Fluxel formulation achieved
Seebeck coefficients higher than the state-of-the-art
commercially available PH100.

For HTL in OSCs: The Polaraci formulation, an ink derived
from 0.5P, characterized by good transparency, high efficiencies
in both exciton dissociation and charge collection. Our Polaraci
formulation showed performances similar to the well-known
Al4083, with superior reproducibility.

Finally, for Batteries: The Tupane formulation, also derived
from 1P, was tailored for enhanced ionic conductivity and
electrochemical stability, making it suitable as an electrode
binder. Our Tupane formulation, when applied as anode
electrodes, generated higher open-circuit voltage, as well as
higher charge retention as shown in the discharge’s curves,
when compared to the traditional PH1000 structure.

Experimental

Organic Solar Cells manufacture and characterization

The materials for device fabrication were sourced as follows:
Indium tin oxide (ITO) substrates were obtained from Xin Yan
Techonology LTD. The poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-
fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-
(5,5-(1",3'-di-2-thienyl-5’,7'-bis(2-ethylhexyl)benzo[1',2'-c:4',5'-

This journal is © The Royal Society of Chemistry 20xx
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c'ldithiophene-4,8-dione)], (PM6) PBDB-T-2F was, racqauired
from Solarmer Materials Inc. The non fullerele GEUEBtHOINFA)
2,2'-[[12,13-Bis(2-ethylhexyl)-12,13-dihydro-3,9-
diundecylbisthieno[2’,3":4’,5']thieno[2’,3":4,5]pyrrolo[3,2-
e:2',3'-g][2,1,3]benzothiadiazole-2,10-diyl]bis[methylidyne(5,6-
difluoro-3-oxo-1H-indene-2,1(3H)-
diylidene)]lbis[propanedinitrile], Y6 (BTPTT-4F) was acquired
from Luminescence technology Corp. The electron transport
layer (ETL) PFN-Br (Poly(9,9-bis(3’-(N,N-dimethyl)-N-
ethylammoinium-propyl-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene))dibromide) was acquired from Organtec Ltd
(Beijing). The PEDOT:PSS variants, including Al4083, Clevios P,
and HTL Solar, were supplied by Heraeus. The device fabrication
process began with a thorough cleaning of the patterned
indium tin oxide (ITO) substrates. These substrates were first
cleaned with detergent, followed by ultrasonic cleaning in
Extran® MA 02, isopropyl alcohol, and acetone for 20 minutes
each. The substrates then received UV-ozone surface
treatment.

Aqueous dispersions of PEDOT:PSS (Al4083, HTL Solar,
Polaraci and 0.5P) were applied to the treated substrates using
dynamic spin-coating at 3000 rpm for 60 seconds. Following
this, Clevios P was spin-coated at 6000 rpm for 60 seconds, and
the layer was thermally annealed at 150°C for 15 minutes,
producing a PEDOT:PSS layer with a thickness of 30-35 nm. The
prepared substrates were then transferred to a nitrogen-filled
glovebox for further processing. The active layer was fabricated
by spin-coating a PBDB-T-2F:Y6 mixture (weight ratio 1:1.2, 16
mg mL™ in chloroform with 0.5 vol% chloronaphthalene) at
3000 rpm for 60 seconds.

The resulting film was then subjected to thermal annealing
at 100°C for 5 minutes to optimize its morphology. For the
electron transport layer, PFN-Br (0.5 mg/mL in methanol) was
dynamic spin-coated onto the active layer at 4000 rpm for 30
seconds. Finally, a 120 nm thick layer of silver (Ag) was
thermally evaporated as the top electrode under high vacuum
conditions (~2 x 107 mbar) to complete the device structure.
The active area of the devices was 0.045 cm?.

Device performance was evaluated under 100 mW/cm?
illumination using a Solar Simulator Oriel Class AAA coupled
with an AM 1.5G filter. J-V curves were acquired using a Keithley
2400 electrometer. UV-VIS spectroscopy measurements were
conducted on thin films of quartz/PEDOT:PSS, prepared
following the same procedures used for the solution and
deposition of the layers in the cells, using a Hitachi U-2900
Spectrophotometer.

Atomic Force Microscopy (AFM) and Work Function determination
The AFM measurements were performed using a Bruker
Dimension ICON system operating in tapping mode. A
rectangular silicon cantilever with an oscillation frequency of
330 kHz and a spring constant of 40 N/m was used for
surface scanning.

To determine the work functions, thin films of the respective
PEDOT:PSS samples were fabricated on ITO substrates via spin-
coating, under the same conditions used for the preparation of
this layer in the construction of the photovoltaic devices. The
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measurements were conducted using the Kelvin Probe mode on
an AFM, with a scan rate of 0.996 Hz, and the probe was
calibrated using pyrolytic graphite. The AFM cantilever tip was
an n-type antimony tip doped with silicon and subsequently
coated with a 20 nm platinum-iridium layer. Measurements
were performed using a Bruker Icon-dimension system.

Raman Spectroscopy

Raman spectra were acquired using a Renishaw inVia confocal
Raman microscope equipped with a polarized 532 nm laser. The laser
power was set to 1% of its maximum output, with an exposure time
of 1 second per acquisition, and a total of 30 accumulations. Samples
were prepared by drop-casting PEDOT:PSS ink solutions onto silicon
(Si) substrates. The ink formulations included 0.1 vol%
dodecylbenzene sulfonic acid (DBSA, Aldrich) as an additive.
Following deposition, the samples were thermally treated at 100 °C
for 10 minutes.

Fourier Transform Infrared (FTIR) spectroscopy.

FTIR spectra were acquired using a Thermo Nicolet NEXUS 470
spectrometer. Measurements were conducted on PEDOT:PSS
films drop-cast onto clean silicon substrates, with spectral
acquisition performed in the 1600-500 cm™ wavenumber
range.

Thermoelectric manufacture and characterization

The Seebeck coefficients were determined using a lab-made
measuring system capable of applying a temperature difference
and measuring the Seebeck voltage generated by the sample.*°
To establish a temperature gradient, two Peltier modules
connected in reverse are used. A device with gold strips is used
to measure the temperature difference applied to the sample
while simultaneously the voltage generated by the sample is
carried out. Using the same system, without temperature
gradient application, IV measurements were performed to
obtain the electrical conductivity of the samples. To measure
the Seebeck coefficient and electrical conductivity, thin films
were deposited via spin-coating at 1000 rpm for 20 s. Before
deposition, 5 vol% ethylene glycol (EG, Mallinckrodt) and 0.1
vol% dodecylbenzene sulfonic acid (DBSA, Aldrich) were added
to the PEDOT:PSS solution. The thin films were annealed on a
hotplate at 100 °C for 5 minutes

Batteries manufacture and characterization

Solutions of PEDOT:PSS (PH1000) were prepared with 5 vol%
EG, 0.1 vol% DBSA, 1 vol% of (3- glycidyloxypropyl)
trimethoxysilane (GOPS), and PEDOT:PSS. A volume of 200 uL of
the solution was cast onto clean glass/Au substrates and dried
at 100 °C for 15 minutes. The electrode area was 2 cm?. For the
anode based on commercial PEDOT:PSS, the substrate with the
cast film was exposed to PEl vapor at 250 °C for 5 minutes, as
previously reported.32 The batteries prepared with our
synthesized inks followed the same procedure as those using
commercial PEDOT:PSS. To compare the performance of our
inks in batteries, our material was used as an alternative anode
material.

8| J. Name., 2012, 00, 1-3

A well of PDMS was used to contain the electrolyte ouenrthe
electrodes. PSS:Na gels were prepared abBrévisusPréporeEd/s
with poly(sodium-4-styrene sulfonate) (PSSNa, Aldrich, Mw = 70
kDa) (35 wt%), glycerol (Mallinckrodt) (10 wt%), D-sorbitol
(Sigma) (20 wt%) and ultrapure Milli-Q water (35 wt%). The
solution was mixed at room temperature for 1h, and then kept
for 24 h at room temperature in the frasque to remove all air
bubbles. After that, a small volume of this solution was dropped
on the PDMS well, on the anode. The substrate with the gel was
dried in a hotplate at 50°C for 10 minutes. Finally, the cathode
was placed at the top of the PSSNa gel, creating the sandwich-
like battery (see Figure 4a).

All measurements were conducted right after assembly of
the device, in open air conditions. Immediately after the
fabrication, the open circuit voltage was recorded with a
Keithley nanovoltmeter 2182A for 10 h, every 10 seconds. In the
sequence, the battery was recharged using a Keithley 2636b.
The discharge potential was measured every 10 seconds over a
period of 10 hours using 200 kQ, 1MQ resistors, and a
nanovoltmeter. The corresponding discharge current was then
calculated for each battery.
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