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PEDOT:PSS has found numerous applications in the field of advanced materials, especially in the
development of organic electronics. Embedding nanoparticles into the polymer matrix has
emerged as an effective strategy to modify the properties of PEDOT:PSS and develop advanced
functional composites. Over the past decade, Halloysite nanotubes (HNT) have garnered signif-
icant interest and utility as nanofillers and/or templates due to their unique physical-chemical
properties, small size, relatively low cost, and large availability. Interestingly, pairing PEDOT:
PSS with non-conductive HNT has been demonstrated to enhance the charge transport properties
of the composite film. Our discoveries show how the HNT can act as scaffolding for PEDOT:PSS by
improving the local ordering of PEDOT chains and enabling the formation of conductive path-
ways. Consequently, the mechanism responsible for the observed changes in conductivity and the
correlation between PEDOT:PSS and insulating nanofillers (HNT) could be different to that pre-
viously proposed. Hence, in this work it was observed that PEDOT:PSS/HNT composite films
exhibited a non-linear conductivity dependence as a function of the HNT loading. From ther-
mogravimetric analysis, infrared and UV-Vis-NIR spectroscopies, as well as impedance spec-
troscopy, a more complex interaction between the polymer chains and the nanotubes is revealed.
Our study includes the modification of the interaction between the PEDOT chains and the
nanofillers by using the secondary doping effect and functionalization of the nanotubes, which
confirms our findings. These results represent a significant progress toward a deeper under-
standing of the emergence of a conductive polymer network on the nanofiller surface, leading to
improvements in the electrical conductivity in the composite material.

1. Introduction

The development of technological products increasingly requires new materials and advanced processes, such as additive

manufacturing, whilst keeping sustainability throughout the whole production line [1,2]. Regarding advanced materials, there is a
growing interest in composites based on metals, ceramics, organic/polymer matrix phases, or a mixture of them, looking to satisfy the
set of all possible requirements [2,3]. Particularly, in the field of flexible electronics, there is considerable attention on polymer
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composites with emerging developments in biomechanical engineering, harvesting energy, chemical or mechanical sensing, and
lightweight-wearable devices, to name a few, due to their intrinsic biocompatibility and acceptable mechanical, chemical, and physical
properties [1,4-9]. From all available alternatives, poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate), or briefly PEDOT:PSS,
stands out as a conjugated polymer that has attracted considerable attention since its first synthesis, due to its remarkable physico-
chemical characteristics [10]. To name some, it can be processed in aqueous dispersion at room temperature, and has remarkable
film-forming properties, making it ideal for advanced manufacturing [11-13]. The PEDOT:PSS system combines the properties of two
ionomers: PEDOT, a conjugated polymer that serves as a hole transport material, and PSS, which acts as a counterion to PEDOT,
balancing the charge in the polymer system and promoting a stable dispersion of the conducting polymer in polar solvents, typically
water. Despite the advantages granted by PSS, it is a non-conductive phase that tends to agglomerate forming insulating domains upon
film formation, particularly on the surface. This, in turn, reduces the overall conductivity of the material. PSS is also hygroscopic and
can contribute to the degradation of the films through the adsorption of environmental moisture. To address this issue, various
strategies and extensive research have been developed to enhance the electrical characteristics and fine-tune the properties of PEDOT:
PSS. This includes pre- or post-film formation treatments like careful control of the dispersion’s pH [14], or the use of primary and/or
secondary dopants [15-19]. In this manner, significant adjustments of both the electrical conductivity and the work function are
obtained, ranging from 1073 to 10% S/cm, and from 4.0 to 5.0 eV, respectively [12,20-23]. Another strategy for customizing the
properties of PEDOT:PSS is the incorporation of fillers into the polymer matrix, such as carbon nanostructures [9,24,25], metallic and
metal oxide nanomaterials [26-28], and 2D materials [9,29]. Here, intending for potential applications on optoelectronics, halloysite
nanotubes (HNT) are considered as nanofillers of a PEDOT:PSS polymer matrix.

Halloysite is a silico-aluminate clay with the structural formula of Al,;Si,O5(OH)4-nH50, sharing similarities in crystallographic
structure and chemical composition with kaolinite. Halloysite nanotubes (HNT) are formed by rolled sheets of aluminosilicate, where
the external face is predominantly composed of tetrahedral silica (SiO2) and the inner face consists mainly of octahedral alumina
(Al203) in a 1:1 stoichiometric ratio [30]. Each halloysite nanotube comprises 10-15 layers of aluminosilicate sheets, with a length
ranging from 500 to 2000 nm and diameters falling within the range of 50-100 nm. The tube walls have an average thickness of 20 nm.
It’s worth noting that dimensions may vary significantly depending on the source of the deposit [31-34]. Potential applications for
HNT stem from their weak hygroscopic nature, high porosity (with pore sizes in the 5-15 nm range and a moderate surface area of
<100 ng'l [351); the charge difference in the faces of the tubes allowing for selective attachment of molecules to the walls [32]; and
good cytocompatibility [36,37]. Furthermore, HNT are cost-effective and more readily available compared to other man-made
nanofillers such as carbon nanotubes, being less than one-tenth of the cost and posing a lower environmental and biological risk
[30,34]. Additionally, incorporating HNT into polymer materials has often resulted in multiple improvements to the properties of the
composites, including enhanced thermal stability and flame retardancy [31,33]. Therefore, because HNT and PEDOT:PSS are
biocompatible materials, they offer the opportunity to apply their composites in biomedical research, unlike the most commonly used
carbon nanostructures [36,38].

To the best of our knowledge, studies on the potential applications of PEDOT:PSS/HNT composites have been limited. For instance,
PEDOT/HNT composites were obtained through the chemical oxidative polymerization of PEDOT over HNT templates, exhibiting
superior physicochemical properties compared to PEDOT. These properties include biocompatibility, corrosion resistance [39],
electrochromic behavior [40], as well as enhanced electrical and thermal properties [41-43]. As for PEDOT:PSS/HNT composites, they
have found applications in electromagnetic shielding devices [44], solar cells [45], and thermoelectric systems [46], owing to the
improvements in the thermal and charge transport properties [47,48]. The enhancement in the conductivity has been explained as the
result of a capillary effect, wherein the polymer chains of conductive PEDOT are compelled into well-ordered domains in the internal
lumen surface, facilitating improved charge transport [48]. However, our findings indicate that the mechanism could be different due
to the chemical characteristics of the two main components of the material, PEDOT and HNT.

This study investigates the impact of various HNT loadings on the optoelectronic properties of PEDOT:PSS/HNT composite films
using FTIR and UV-Vis-NIR spectroscopies, along with Impedance Spectroscopy (IS) analysis. Surface morphology is evaluated through
Scanning Electron Microscopy (SEM). Through these analyses, a significant change in the relative population of polarons/bipolarons in
PEDOT:PSS was not observed in the presence of nanotubes in the composite films. Nevertheless, the improvement in the electrical
properties of the material suggests a modification in the ordering of the delocalized domains of the conductive polymer chains. PEDOT:
PSS/HNT composites were prepared in such a manner that only the interaction between these two materials is observed through in-
plane electrical conductivity measurements. From the impedance characterization, the correlation length varied as a function of the
HNT concentration, and the region where this phenomenon occurs is discussed. To complement our study, the use of dimethyl sulf-
oxide as a secondary dopant and the functionalization of HNT was also considered to modify the interaction between PEDOT:PSS and
halloysite nanotubes. Understanding the charge transport mechanism opens the door for new potential applications for PEDOT:PSS/
HNT composites in optoelectronics.

2. Experimental details
2.1. Sample preparation

Dow Corning glass slides served as substrates. Prior to their use, the slides underwent cleaning in an ultrasonic bath with acetone,
followed by isopropanol and ethanol, each for 20 min. Subsequently, these were dried at 100 °C for 20 min and finally treated with UV

light for 40 min.
Two PEDOT:PSS formulations were considered for this study: the first was provided by Sigma-Aldrich (conductive grade, 1.2to 1.4
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wt% solids content), and the second was supplied by Heraeus (Clevios™ PT4). The latter formulation will be referred here as PT4.

PEDOT:PSS formulations were filtered using a 1 pm pore PES filter (Whatman® Puradisc), and the resulting amount of aqueous
dispersion was used to calculate both the HNT concentration (by weight) and the isopropanol volume for the dispersion of the hal-
loysite nanotubes. The ratio of weighted HNT to aqueous PEDOT:PSS was adjusted to achieve weight concentrations ranging from 0 to
0.5 % (for the formulation provided by Sigma-Aldrich) or from 0 to 5 % for PT4.

Halloysite nanotubes were acquired from Sigma Aldrich, with diameters and lengths within the range of 30-70 nm and 1-3 pm,
respectively, as reported by the provider. The HNT were weighted and dispersed into isopropanol (iPrOH) using an ultrasonic bath
operating at 40 kHz for 20 min. The iPrOH volume for the dispersion of the HNT was adjusted to achieve a PEDOT:PSS/iPrOH volume
ratio of 2:1. For PT4, the 1:1 ratio (v/v) was also considered. Consequently, the HNT concentration in the alcoholic dispersion was not
fixed; instead, the HNT and isopropanol contents were determined as a function of the PEDOT:PSS amount. Subsequently, PEDOT:PSS/
HNT-iPrOH dispersions were prepared by mixing the filtered PEDOT:PSS with the alcoholic HNT dispersion in an ultrasonic bath for
another 20 min. Following this, the PEDOT:PSS/HNT-iPrOH dispersions were spin-coated and then dried in an oven at 100 °C for 40
min in an air atmosphere. For discussion purposes, the aqueous PEDOT:PSS and the alcoholic PEDOT:PSS dispersions (prepared with
similar iPrOH content but without HNT) were used and are referred to as PEDOT:PSS and 0 wt% HNT, respectively.

To complement the study, two additional sets of experiments were conducted: one considering secondary doping by the addition of
dimethy] sulfoxide (DMSO) to the PEDOT:PSS/HNT dispersion, and the other involving the functionalization of halloysite nanotubes
via octadecyltrichlorosilane (OTS). Composite thin films prepared with DMSO were prepared based on a previous work [16], where the
optimal DMSO/PEDOT:PSS ratio was established as 1:5 by weight. The DMSO/PEDOT:PSS dispersion was prepared by magnetic
stirring, after which it was mixed with the alcoholic dispersion of HNT using an ultrasonic bath, as previously described. The resulting
thin films are labeled here as DMSO-PEDOT:PSS/HNT.

Functionalized halloysite nanotubes (f-HNT) were obtained by adapting the methods reported by C. Yegin et al. and A. B. Gurav
et al., which were used for functionalizing SiO, nanoparticles [49,50]. In a typical process, 1.5 g of OTS (Sigma-Aldrich) was dispersed
into 40 g of toluene (Sigma-Aldrich) in an ultrasonic bath for 3 min. Afterward, 2.1 g of HNT was added and mixed for an additional 3
min in the ultrasonic bath. The mixture was then left to rest in a covered flask at ambient temperature for 1 h. After this period, the
excess toluene was decanted from the flask. Finally, the precipitated f-HNT were dried in an oven at 100 °C for 3 h to remove any
remaining toluene [51]. PEDOT:PSS/f-HNT thin films were obtained through the same methodology described above for PEDOT:
PSS/HNT composites.

2.2. Characterization and methods

Composite thin films on glass substrates were optically characterized using UV-Vis-NIR spectroscopy with a UV-Vis spectrometer
(Cary, Agilent). As previously mentioned, the halloysite nanotubes were dispersed in isopropanol, and the resulting alcoholic
dispersion was deposited on clean glass substrates. The UV-Vis spectra were collected after the isopropanol had evaporated.

FTIR measurements, with a resolution of 1 cm ™' in wavenumber, were obtained using a Frontier FTIR/FIR spectrometer (Perki-
nElmer) in transmission mode from spin-coated thin films over KBr pellets, which were dried in an oven for 40 min at 100 °C. The FTIR
spectra of HNT and f-HNT were taken in the attenuated total reflectance (ATR) mode. These characterizations were performed at room
conditions.

Thermogravimetric analysis (TGA) was performed to evaluate the thermal stability of the composites. Thermograms were recorded
using a PerkinElmer thermogravimetric analyzer with a heating rate of 10 °C/min, from room temperature to 500 °C, under a Ny
atmosphere. For this, both PEDOT:PSS/HNT and PEDOT:PSS/f-HNT dispersions were drop-casted and dried in an oven at 100 °C for
approximately 3 h to remove as much water as possible. Solid samples were then taken for analysis.

For electrical characterization, two parallel gold electrodes (1 mm wide, 1 cm long, and 20 nm thick) were sputtered (0.1 mbar, 2
nm/min Q150R ES, Quorum) onto the composite thin films using a custom-made shadow mask, defining a coplanar geometry with a 1
cm separation between the electrodes. Impedance spectroscopy (IS) measurements were obtained via a PalmSens 4 impedance
analyzer with an AC sinusoidal signal of 30 mV in amplitude, in the frequency range of 10* to 10° Hz. Other AC amplitudes were
considered, but the best signal-to-noise ratio was observed under the mentioned conditions. All measurements were conducted inside a
glove box filled with silica gel desiccant, maintaining a temperature around 25 °C and a relative humidity between 35 and 40 %.

Top-view microscopies and energy-dispersive X-ray spectroscopic (EDS) analyses were obtained via scanning electron microscopy
(SEM, EVO MA25, ZEISS) for the spin-coated films, which were covered with a 5 nm gold layer through sputtering. Finally, the
thickness of the electrodes and composite thin films was determined using a stylus profilometer (DextakXT, BRUKER) equipped with a
2-pm needle and a stylus force of 3 mg. For composite thin films, given their relatively high roughness, the thickness was calculated by
integrating the profile area between two parallel scratches performed with a precision knife on the films and dividing it by the scanning
length. This procedure was repeated twice in 3 different zones of the film for each sample, and the average value is reported as the
nominal thickness.

3. Results and discussion
3.1. Interaction between PEDOT:PSS and halloysite nanotubes

Both PEDOT:PSS and HNT exhibit interesting physicochemical properties, as mentioned earlier. However, an initial challenge
encountered with combining these materials was achieving a homogeneous mixture of the components. Due to the chemical
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Fig. 1. SEM micrographs of (a) HNT after dispersing into isopropanol; and PEDOT:PSS/HNT composite thin films containing (b) 0, (¢) 0.1, and (d)
0.5 wt% HNT. Agglomerates of HNT are also shown in the inset micrographs.

characteristics of HNT, the external surface is chemically inert and hydrophobic due to the Si — O - Si groups, while the internal lumen
surface is hydrophilic in nature and chemically active owing to Al — OH functional groups [33]. In principle, this internal surface could
facilitate the mixing of HNT into aqueous dispersion, however the pH of the dispersion media plays a crucial role [34]. In our initial
attempts, without the assistance of isopropanol, the PEDOT:PSS/HNT dispersions were unstable, and the halloysite nanotubes
precipitated shortly after completing the mixing process with PEDOT:PSS, for which the pH value was measured as 2.4 in our case. It
has been reported that at this pH, HNT tend to form aggregates [34]. To address this, a premixing step was considered. HNT can be
dispersed into polar solvents capable of hydrogen bonding [31,52]; therefore, methanol, ethanol, and isopropanol were tested. These
solvents were chosen because they are compatible with PEDOT:PSS, although they tend to induce secondary doping [15,17]. Another
potential approach for achieving stable HNT dispersions is adjusting the pH of PEDOT:PSS to higher values. However, this was not
pursued here due to the unfavorable impact on the PEDOT:PSS properties [53]. The stability of the dispersion was assessed by
considering the sedimentation time required for 10 mg of HNT in 5 ml of the solvent after mixing in an ultrasonic bath. Isopropanol
resulted in good dispersion compared to the others, as HNT precipitated only after 30 min. In addition to the ultrasonic bath mixing,
other alternatives like magnetic stirring and an ultrasonic tip (operating at 20 kHz) were also considered, but the ultrasonic bath
proved to be the most effective method. It was observed that the mixing process could modify the length of the HNT. Measurements by
DLS (nano25, Malvern, results not shown here) revealed that magnetic stirring does not alter the size distribution of the HNT (dsp ~ 1
pm, consistent with the supplier’s specifications, D50), even after a processing time of 24 h. This observation has been reported
previously [45]. On the other hand, both the ultrasonic tip and bath modified the HNT size distributions down to a few hundred
nanometers (dsp ~350 nm, as seen in Fig. 1 a), but the size distribution promoted by the ultrasonic tip was broader than with the
ultrasonic bath (standard deviations: ~218 nm and ~138 nm, respectively). After comparing the HNT before and after their dispersion
in isopropanol, no modification in the optoelectronic structure was observed by UV-Vis and FT-IR spectroscopies, but only a change in
the mean particle size was noted.

After the film forming, the surface quality of the PEDOT:PSS/HNT composite thin films was assessed by SEM. PEDOT:PSS thin films
containing 0 wt% HNT (i. e., prepared from PEDOT:PSS + iPrOH dispersion only) exhibit a smooth surface with an average roughness
of approximately 3 nm, as measured by profilometry. However, at the scale of tens of micrometers, the surface of composite films
containing 0.1 wt% HNT increased its roughness up to ~10 nm, appearing relatively homogeneous (Fig. 1c), with only a few ag-
gregates on the surface. HNT were dispersed randomly across the scanned area with random orientation. At high concentrations, there
are regions where the nanotubes tend to aggregate; in some cases, they align parallel to each other, resembling a “bundle of sticks”
(inset of Fig. 1¢) while in other areas, they exhibit a disordered arrangement (inset in Fig. 1d). Additionally, the nanotubes are also
oriented at a direction pointing out of the plane, contributing partially to the increased surface roughness of the films (~18 nm at 0.5
wt% HNT).

A thin PEDOT:PSS coating layer on the HNT is expected due to the strong electrical interaction arising from the negative charge on
the external surface of the HNT and the positive charge on PEDOT segments. It occurs because the pH of the PEDOT:PSS aqueous
dispersion is 2.4, and the HNT distribute their negative charge on their surface within a pH range of 2-9, as reported previously [54].
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Fig. 2. Elemental mapping for spin-coated thin films (on glass substrate) based on PEDOT:PSS/HNT composites containing 0.5 wt% HNT. The
signals from Al and Si in regions without HNT come from the substrate.
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Fig. 3. Log - log plot of the conductivity modulus as a function of frequency for PEDOT:PSS/HNT composites. The critical frequency f. was
determined in the intermediate transition region by the intersection of straight lines, as indicated for pristine PEDOT:PSS thin films.

Additionally, upon adding iPrOH to PEDOT:PSS, no significant change in pH value was observed, indicating a similar electrostatic
interaction between the materials. The presence of a thin PEDOT:PSS coating on the HNT aligns with findings in the literature,
considering both oxidative polymerization and PEDOT:PSS formulations [41,45,48]. Elemental analysis revealed a uniform distri-
bution of carbon and sulfur (belonging to both PEDOT and PSS chains) on the entire film, even over isolated HNT. However, the
presence of these elements is highlighted on HNT agglomerates, as illustrated in Fig. 2.

To broaden the potential applications of PEDOT:PSS/HNT composites and gain new insights into their physical properties, the
electrical characterization was conducted using impedance spectroscopy (IS). This technique is powerful as it allows the elucidation of
various phenomena in a material or system based on the response to the applied alternating electromagnetic field. Charge carriers act
as probes in the system under study, whereas they attempt to follow the input signal, thereby providing information about the time
scales and/or distances at which the phenomena occur. While various methods, such as the colinear four-point probe, the var der Pauw
method, or I - Vmeasurements with two electrodes in a sandwich configuration, can be used to characterize the electrical conductivity,
IS measurements with electrodes in a coplanar configuration were selected here. This choice was influenced by the in-plane spatial
distribution of the HNT in the composite thin films (mainly, but not exclusively) induced by the spin coating technique. Additionally,
with this measurement configuration, a large number of halloysite nanotubes are evaluated, resulting in the observed response being
the summation of all individual contributions. Studies conducted with out-of-plane measurements on PEDOT:PSS thin films containing
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Fig. 4. Electrical conductivity (black symbols) and thicknesses (red symbols), as obtained at 100 Hz (DC regime) for PEDOT:PSS/HNT composites,
as a function of the HNT concentration, for two PEDOT:PSS formulations. Sigma-Aldrich (a) and PT4 (b, c¢) at PEDOT:PSS to iPrOH volume ratios of
1:1 (b) and 2:1 (a, c). Blue symbols indicate the electrical conductivity for spin-coated thin films from the pristine PEDOT:PSS formulations. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1

Summary of results obtained from IS measurements for PEDOT:PSS/HNT composites.
HNT concentration (wt%) Estimated critical frequency (kHz) opc (S/cm) s
PEDOT:PSS 4.2 0.04 +0.01 0.71 £ 0.03
0 22.5 0.08 £+ 0.01 0.64 + 0.07
0.05 7.3 0.05 + 0.01 0.76 + 0.03
0.1 48.4 0.30 + 0.02 0.64 + 0.05
0.2 25.0 0.15 £+ 0.02 0.62 + 0.09
0.3 24.9 0.09 £+ 0.01 0.67 + 0.09
0.5 27.2 0.10 + 0.01 0.64 + 0.08

gold and silver nanoparticles can also be found in the literature [55].

As per previous reports, the DC electrical conductivity (opc) tends to be enhanced by the addition of HNT to the matrix [42,45,48].
In these reports, solid samples in the form of pellets were considered for PEDOT/HNT composites obtained through the oxidative
polymerization route [42], while PEDOT:PSS/HNT dispersions were deposited using casting or screen printing [45,48] rather than
spin-coated thin films like in this study. No additives such as primary or secondary dopants (except iPrOH, as explained earlier) or
plasticizers were considered for this first stage of our study. This deliberate choice aimed to avoid additional contributions to the
observed behavior through additional factors like dipole-dipole or dipole-charge couplings. The discussion here only regards the
interaction between PEDOT:PSS and HNT.

From the modulus of the total conductivity (o) vs frequency (f) curves (Fig. 3), three distinct regions are observable: the DC regime
at low frequencies (opc, below 10% Hz) and the AC conductivity region at high frequencies where the electrical conductivity is linearly
dependent on frequency (cac, with a positive slope in the log ¢ - log f plane), and an intermediate transition zone where the contri-
butions of both the DC and AC components to the total conductivity become almost equally significant. The observed behavior in the &
— f curves aligns with the characteristics typical of disordered solids, where the charge transport occurs through a hopping mechanism
between localized sites in the material [56,57]. Considering the first region in the IS spectra, the opc was obtained (Fig. 4a) and
tabulated in Table 1. The electrical conductivity calculated from these measurements is similar to that obtained using the four-point
probe technique [16], and particularly, the electrical conductivity of the pristine PEDOT:PSS film (0.04 &+ 0.01 S/cm) matches the
specifications provided by the supplier.
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Table 2

Comparative data for several PEDOT:PSS/HNT composites.
“ Conductivity for the composite HNT Enhancement Remarks Ref.
materials (S/cm) loading (times)

Composites obtained by oxidative polymerization of EDOT

1.66 {1 x 10~} 66.6 wt%  10* HCl as dopant. Composites in the form of Pellets. [41]

9.35 {0.12} 40 wt% 77.9 Polymerization on PSS-grafted HNT. Composites in the form of Pellets. [42]

12.89 {0.12} 50 wt% 107.4 Composites in the form of Pellets. [43]

Composites obtained with commercial PEDOT:PSS formulations

0.58 {0.17} 4% 3.4 Drop casted films increase their conductivity up to 47.5 S/cm after [44]
treatment with FA.

381 {358} 1 wt% 1.1 The composite ink contains PH1000 formulation, 10 wt% EG, and 4 wt% [45]
polyurethane. Deposition by screen printing.

~0.55 {~0.15} 75.5 % 3.7 PH1000 formulation. Conductivity increases up to ~14 S/cm after [48]
treatment with 5 % PEG. Deposition by casting.

0.3 {0.04} 0.1 wt% 7.5 Low conductive PEDOT:PSS formulation, deposited by spin coating. This

work

HCI: hydrogen chloride, FA: formic acid, EG: ethyleneglycol and PEG: polyethylene glycol.
@ The conductivity for the reference PEDOT used in each work is specified in curly brackets.
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Fig. 5. Normalized UV-Vis-NIR spectra of PEDOT:PSS/HNT thin films. The inset shows the region around the polaronic band to highlight the effect
of the HNT addition to PEDOT:PSS.

Spin-coated thin films prepared with PEDOT:PSS -+ iPrOH dispersion (0 wt% HNT) exhibited a slight increase in the conductivity by
a factor of two compared to the pristine PEDOT:PSS films. This increase is attributed to the well-known secondary dopant effect [15,
17]. Certainly, this increase stands out slightlybecause the iPrOH content was not optimized here; it was just used to facilitate the
mixing process of the halloysite with the aqueous PEDOT:PSS dispersion. Despite the secondary dopant effect induced by alcohol [17],
the conductivity is influenced by the addition of insulating HNT into the films. Consequently, samples with 0.05 wt% HNT show a
decrease in conductivity from 0.08 + 0.01 to 0.05 + 0.01 S/cm. Interestingly, an additional mechanism leads to a dramatic increase in
the conductivity in the sample containing 0.1 wt% HNT. At this concentration, the films’ conductivity increased by around eight times
compared to the pristine PEDOT:PSS films, reaching 0.30 + 0.02 S/cm. Further addition of HNT to the composites results in a
reduction in electrical conductivity. The observed behavior in the opc vs HNT concentrations plot is consistent with previous reports
(see Table 2); however, the maximum value was achieved here with a lower loading of HNT.

The PT4 formulation was also considered to verify the observed behavior and possibly obtain new information. HNT concentrations
for PT4-based composites varied from O to 5 wt% (Fig. 4b and c), reaching maximum conductivity values at 1.5 and 1 wt% HNT for the
PT4/iPrOH volume ratios of 2:1 and 1:1, respectively. Despite the differences in the HNT concentrations resulting in the highest
conductivity, the observed behavior was comparable for both PEDOT:PSS formulations. However, as the highest electrical conduc-
tivity was achieved with the PEDOT:PSS formulation provided by Sigma-Aldrich, only this formulation will be considered in the
subsequent discussions. Note that the differences between the formulations concern the conductivity and the thicknesses of the thin
films. The pristine PT4 thin film has an electrical conductivity of 0.01 S/cm, while the thicknesses of their composite films fall in the
range of 60-250 nm.

Concerning the improvement in conductivity, it has been attributed to a capillary effect within the HNT whereby the PEDOT:PSS
chains are dragged into the nanotubes [48]. However, because of the chemical nature of the four surfaces in halloysites exposed to the
dispersion media — the internal hydrophilic lumen (chemically active), the external (chemically inert and hydrophobic), the interlayer
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Fig. 6. FTIR spectra of PEDOT:PSS/HNT composite films at different HNT concentrations.

(chemically similar to the internal lumen surface), and the edge surfaces terminated by Al — OH and Si — OH groups [33] - the
mechanism that promotes the enhancement in the charge transport could be different, at least in our case. The aluminol and siloxane
groups in the edge surface might hinder the access of PEDOT molecules to the inner lumen surface. Consequently, optical charac-
terizations were performed to elucidate possible modifications in the chemical or electronic structure of PEDOT:PSS that could account
for the observed improvement resulting from the addition of relatively small amounts of HNT to PEDOT:PSS.

The normalized UV-Vis-NIR spectra of PEDOT:PSS/HNT thin films at different concentrations (Fig. 5) exhibit similar line shapes to
the pristine PEDOT:PSS film, with their most intense absorbance bands in the near-infrared region. The use of normalized spectra is
preferred here to emphasize differences associated with the relative population of bipolarons compared to polarons. This is achieved
by comparing the relative intensity of absorbance bands located in the near-infrared region and between 700 and 900 nm, respectively,
for each PEDOT:PSS/HNT composite film [19,58]. Despite the similarity in line shapes, there are slight differences that align with the
observed electrical conductivity. Considering the normalized absorbance (inset of Fig. 5), at 800 nm it varies from 0.209 for the
pristine PEDOT:PSS film to 0.216 for 0 wt% HNT. Subsequently, it increases to 0.224 at 0.1 wt% HNT, and then decreases to 0.205 at
0.3 wt% HNT, and finally drops to 0.196 at 0.5 wt% HNT. This could suggest a subtle difference in the relative charge carrier density.
There seems to be a slight increase in the relative population of bipolarons as the HNT concentration increases because the band’s
intensity at 800 nm decreases. However, other possibilities should be considered, such as the energy storage of electromagnetic waves
in small regions of the sample (near the halloysite nanotubes, for example), which may promote anomalous absorption akin to what is
observed in thin metal-dielectric composites [59]. Additionally, differences in absorption capability may arise due to the rough surface
of the materials. Pirouzfam and Sendur noted that the absorptance of randomly rough tungsten surfaces is sensitive to the correlation
length and root-mean-square roughness of the surface in the visible and near-infrared regions [60]. However, a more detailed study on
the absorption process in PEDOT:PSS/HNT thin films deposited by spin-coating is necessary.

FTIR spectra of pure HNT, and PEDOT:PSS films with various HNT concentrations are shown in Fig. 6 to get an insight into possible
chemical modifications on the PEDOT backbone. Characteristic bands of PEDOT:PSS are observable at 1640, 1518 ecm ™" (associated
with C=C stretching in the PSS and PEDOT rings, respectively), 1340 em ' (C-C stretching in PEDOT’s thiophene ring [61]), 1198
em™! (caused by the S=O stretching from PSS [61]), 1145 em~'and 1092 em™ (C-0 stretching in PEDOT [61,62]) and finally, the
bands at 936 cm ™}, 840 cm ™! and 691 cm ! attributed to the C — S stretching of thiophene [61,62]. Any alteration in these bands or the
emergence of new absorption bands following the addition of HNT would signify a change in the chemical environment of the PEDOT
chains, resulting in a corresponding modification in the relative population of polarons and bipolarons. However, such a scenario is not
observed here. Regarding to HNT, the characteristic bands corresponding to — OH vibrations in the inner lumen surface and the inner
group (at 3696 cm ! and 3624 cm_l, respectively [63,64]), Si— O - Si (at 1028 cm_l), the stretching of apical Si - O (at 684 em ! [64]1)
are clearly observable. Moreover, the band at 908 cm™! is attributed to Al — O — OH vibrations [63], while the bands at 796 and 748
cm~! could be attributed to O — H translation vibrations [65]. A very faint signal at 1644 cm ™! can be attributed to adsorbed water [63,
64]. Comparing the spectra of pure HNT and PEDOT:PSS with the PEDOT:PSS/HNT composite films, no new bands were identified,
and no noticeable shift or modification of the characteristic bands of the two main components was observed. This implies that any
observable change in conductivity is not chemical in nature; instead, it is purely a physical phenomenon.

Using an excitation line of 514 nm, Raman spectroscopy was also considered to discern possible transitions between the aromatic
and quinoid resonant structures in PEDOT due to the HNT addition (data not presented here). For this purpose, the laser spot was
focused on various regions of the thin films, both with and without visible surface halloysite nanotubes, or their aggregates. The
spectra collected from the surface of halloysite-rich regions (or their aggregates) exhibited the characteristic lineshape of PEDOT.
However, after deconvoluting each spectrum into contributions coming from their quinoid and aromatic resonant structures [19], no
significant differences were observed. It is worth noting that, due to the spot size of the 514 nm laser being ~1.5 pm, we were unable to
confirm the PEDOT:PSS coating on HNT through Raman spectroscopy.

Returning to the analysis using IS, it is crucial to recall that in disordered materials the spatial and energetic distribution of localized
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sites can be characterized by the correlation length (&£). This parameter is associated with the averaged distance between localized
regions in disordered solids [57]. As this parameter is dependent on the microstructure and the ratio of electrical conductivities of the
phases within the solid, it provides valuable insights into the PEDOT:PSS/HNT composites. The Euclidian structure of the solid ma-
terial is revealed when the charge carriers scan distances greater than the correlation length; otherwise, they exhibit high sensitivity to
the fractal characteristics of the conducting network in the composite [66].

In a prior study, AC conductivity was utilized to elucidate how conductive grains are connected in PEDOT:PSS thin films as a result
of secondary doping promoted by dimethyl sulfoxide [16]. In that research, AC measurements were also conducted in coplanar ge-
ometry, and the improvement in electrical conductivity was attributed to the reduction in the thickness of the PSS insulating barrier
through phase segregation achieved with DMSO at the optimal loading. In contrast to that study, here, it is anticipated that the
observed behavior is not a consequence of modifications in the PSS insulating barrier, at least over the whole material, as halloysites
are neither acting as primary nor secondary dopants. In other words, HNT do not alter the PEDOT:PSS chemistry (as evidenced by
unchanged FTIR bands) and they remain in the thin films. Regarding to secondary doping effect induced by isopropanol on the
electrical properties of PEDOT:PSS/HNT composites, it does not account for the observed behavior in Fig. 3 because its content in the
dispersion is nearly the same at different HNT concentrations, owing to the low amounts of HNT (less than or equal to 0.5 wt%). Thus,
the observed behavior is exclusively a consequence of the presence of HNT in the films.

In classical percolation theory for composite systems with a conductive phase as filler, the DC conductivity above the percolation
threshold follows the scaling law:

opc=A\ (p-p.)', (€D)

Where p is the mass fraction of the filler, p, is the percolation concentration, A is the proportionality constant, and ¢ is the conductivity
exponent which depends on the system dimensionality and/or the correlation length £, depending on the authors or the model
considered for its calculus [57,66]. From Fig. 4 and Tables 1 and it is evident that an interplay exists between two mechanisms
governing the charge transport. The first mechanism dominates before the system reaches its maximum electrical conductivity at the
optimal HNT concentration, while the second mechanism takes place afterward. The DC data in the initial region of Fig. 4 (up to the
maximum conductivity value) can be fitted using Eq. (1). For instance, percolation concentrations for composites based on PT4-1:1 and
PT4-2:1 dispersions are 0.56 % and 0.57 % by mass, with conductivity exponents of 0.46 and 0.86, respectively. The p values fall in the
middle of the concentration range considered in this study. It is noteworthy that Eq. (1) applies to homogeneous systems with a
conductive phase evenly distributed in an insulating matrix. However, in PEDOT:PSS/HNT composites, this is not the case because
insulating HNT are discretely distributed in the conducting thin film at the micro scale. In other words, it is not a perfect mixture of
insulating and conducting phases. This raises the question of where the percolation occurs.

At low frequencies, charge carriers travel a mean distance L f ~/2 > ¢ in a Euclidian structure during a one-half period, over-
coming a distribution of spatial randomly varying energy barriers. However, at frequencies higher than a critical one (f;), they cover a
mean distance L « f ~/% < ¢, where & can be associated with the fractal dimension of the conducting network or the level of bias
imposed by the application of an external field [57,66]. At the limit between these two behaviors, charge carriers scan the distance that
matches the correlation length at the critical frequency fyx £°. PEDOT:PSS/HNT composite materials with relatively low DC con-
ductivity exhibit a low critical frequency and, hence, a longer correlation length than materials with the highest DC conductivity, as
evidenced in Table 1. The critical (or onset) frequency was estimated by calculating the intersection point between the fitted lines in
the log o — log f plot, as shown in Fig. 3 [16,56]. Thus, in PEDOT:PSS/HNT systems the correlation length changes with the observed
critical frequency, following the same trend as the DC conductivity. This suggests that the improvement in electrical conductivity in
PEDOT:PSS/HNT composites can be linked to modifications in their correlation length as a function of the HNT concentration.
However, it is crucial to consider another mechanism at concentrations higher than the optimal one. A clue about this mechanism is
provided by the impedance spectra corresponding to the composite containing 0 wt% HNT. Its critical frequency is greater than that for
pristine PEDOT:PSS, as noted in Fig. 3, which can be attributed to the secondary doping effect promoted by iPrOH and the consequent
phase segregation, leading to a reduction in the PSS insulating barrier between conductive grains in the film. However, after the
addition of 0.05 wt% HNT, the critical frequency decreases again, closely approaching the frequency value of the pristine PEDOT:PSS.
Therefore, the addition of smaller amount of insulating phase increased the average correlation length of the thin film enough to
promote a decrease in the conductivity. A similar effect at very low HNT content (0.1 wt%) in the composite films was also observed in
PT4-based films (see Fig. 4b and c). The halloysite nanotubes could act as scattering centers at the lowest HNT concentration. At
medium concentrations, their properties enhance charge transport in the films, and at concentrations higher than the optimal one, the
charge scattering coupled with the amount of the insulating phase worsens the electrical conductivity.

The AC regime for disordered solids follows the approximated power law ¢(w) « @®, with w = 2zfand s < 1, with the most common s
values close to 0.8 [67]. The s exponents for PEDOT:PSS/HNT composites (Table 1) are in the range of 0.62-0.76, slightly below 0.8,
confirming that the transport mechanism is due to hopping.

To verify the universality of the conductivity vs frequency behavior, master curves can be constructed by scaling the conductivity
values to the DC conductivity and the frequency through a scaling factor A; . that depends on the f; and the critical reference frequency
fere; or directly on the correlation length ¢ [66,68]. The master curves in Fig. 7 were constructed by taking as a reference curve one
belonging to the pristine PEDOT:PSS film. Thus, each f, value was divided by A: . = f./fc.res because the reference curve has the lowest
DC conductivity. It is worth mentioning that Laibowitz and Gefen experimentally determined that the scaling factor can also be
expressed as a function of &2 [68], where 2+0 is related to the fractal dimension of the material. From Fig. 7, the experimental data
appears to be in rough agreement with the approximate power-law model, and it applies to the entire set of HNT concentrations
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Fig. 8. Proposed mechanism for charge transport in PEDOT:PSS/HNT composites. Two possible trajectories for charge carriers are shown with
dashed yellow lines in (a), demonstrating the reduction in correlation length facilitated by the HNT. In (b), charge carrier scattering promoted at
relatively high HNT concentrations is schematically depicted. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

considered here. In other words, the observed behavior for a given conductivity and HNT concentration is equivalent to that for the
reference conductivity curve.

Due to the observed behavior, localized regions of well-ordered domains of PEDOT:PSS are formed because of the addition of
halloysites, which modifies the effective correlation length. Referring to Fig. 1, potential regions for the formation of conductive
pathways in the PEDOT:PSS/HNT thin films are: 1) the space between HNT aggregates containing PEDOT:PSS only, 2) the internal
lumen surface of halloysites, 3) nanotube boundaries when halloysite bundles are formed, and 4) the surface of the nanotubes.

The interlayer space (approximately 0.7 nm [37]) and the edge surfaces terminated are disregarded due to the size of PEDOT:PSS
particles (a few tens of nm) and because of the hindering effect promoted by the edge surfaces terminated by aluminol and siloxane
groups. Considering the first option, the spaces in between the HNT aggregates do not explain the observed behavior in the con-
ductivity due to the absence of halloysites, thus, it is also possible to discard this possibility.

Regarding the second alternative, in a previous study, the enhancement in conductivity was achieved at a much higher HNT
concentration than in this study. In that work, the improvement was attributed to the formation of conductive pathways within the
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Fig. 9. Electrical conductivity of DMSO-PEDOT:PSS/HNT thin films as a function of the HNT concentration: DC regime (a), and conductivity as a
function of frequency (b). In (b), the AC conductivity for PEDOT:PSS/f-HNT thin films is also shown.

halloysite nanochannels due to the strong capillary effect, facilitated by its highly hydrophilic nature, which fills the lumen of HNT
with PEDOT:PSS [48]. However, the mechanism here appears to be different, likely due to the lower conducting PEDOT:PSS for-
mulations used, compared to Clevios PH1000. The loading capacity of halloysite nanochannels depends on various factors including
the morphology of the nanotubes, pH, the solvent (water + isopropanol in our case) [34], and, of course, the molecular nature of the
lumen filler. Previous reports, related to the chemical polymerization of PEDOT [62], support that the conducting channel in the lumen
is less feasible. According to the work by F. Wang et al. on the PEDOT synthesis with PSS grafted onto HNT template [42], chemical
polymerization occurred in both the lumen and the HNT external surface, but it was preferably on the latter one due to the negatively
grafted PSS. It was also observed during the chemical oxidation polymerization of EDOT with HNT [43], where PEDOT was mainly
deposited on the outside surface of HNT due to the positively charged PEDOT balancing the negatively charged outer surface of HNT.
However, PEDOT polymerization can also take place in the interlayers of HNT under specific synthesis conditions [41]. The poly-
merization on the outer surface of HNT is favored by the presence of surface defects and additionally, the PEDOT coating also depends
on the proportion EDOT to HNT [40]. For instance, at a relatively low EDOT to HNT proportion (1:3) the polymerization occurred on
the surface of HNT rather than in the precursor solution, resulting in a PEDOT thickness of about 8 nm, with the lumen clearly visible
by TEM. In this manner, the formation of conductive pathways in the internal lumen surface is also unlikely.

If even the EDOT monomer preferably polymerizes on the halloysite surface, then PEDOT will favorably deposit on this surface due
to its positive charge at low pH. This means that the third and fourth alternatives mentioned earlier are possible. Note that these two
options are similar due to the strong interaction between the HNT and PEDOT chains at low pH, as polymer chains are closely packed
and promote the formation of conductive pathways on the nanotube surface, or even in between the nanotube bundles, which modify
the average correlation length in the composite, as depicted in Fig. 8. The importance of the interaction between charged species and
HNT has been evidenced in previous reports. For example, negatively charged insulin, a high molecular weight substance, was released
at a rate of ~70 % within 140 h in water. However, the release process was accelerated by 50 times in the presence of a positively
charged polyelectrolyte [69]. Additionally, it was observed that the interaction of a cationic polymer occurs with the negative surface
of the nanotube at low pH, whereas anionic ones interact with the positively charged inner surface, and no specificity was observed
with nonionic polymers [70].
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Fig. 10. Normalized UV-Vis spectra for DMSO-PEDOT:PSS/HNT thin films, containing a DMSO/PEDOT:PSS ratio of 1:5 by weight. The peak at
around 800 nm for the PEDOT:PSS/DMSO film (the red curve, clearly visible in the inset) is an artifact introduced during the measurement process.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Based on our experimental evidence, it is possible to elucidate a conceivable mechanism for the enhancement in conductivity at low
HNT contents. As mentioned earlier, at low pH, the lumen of halloysite possesses an increased positive charge, while negative charges
remain on the surface. These charges influence the aggregation and dispersion of halloysites in aqueous media, as well as their in-
teractions with charged molecules [34]. Upon applying an external electric field, the charge carriers cover the distance between the
electrodes via a hopping mechanism between localized regions. Changes in the correlation length due to the strong electrical inter-
action between the PEDOT chains and halloysite nanotubes are observed by impedance spectroscopy. According to this character-
ization technique, the correlation length diminishes, and consequently the critical frequency, roughness, phase segregation and
conductivity increase (Fig. 8a). However, at higher HNT concentrations than the optimal one, a second mechanism becomes important,
related to the increased amount of the insulating phase and charge carrier scattering that hinder the effective charge transport
(Fig. 8b).

3.2. Modification of the interaction between PEDOT:PSS and halloysite nanotubes

The electrical properties of PEDOT:PSS/HNT composites can be tailored using strategies previously reported in the literature. Thus,
in the second stage of our study, additional experiments were conducted considering secondary doping by the addition of dimethyl
sulfoxide (DMSO) to the PEDOT:PSS/HNT dispersion, as well as the functionalization of halloysite nanotubes via octadecyltri-
chlorosilane (OTS). The conductivity as a function of frequency for both conditions is shown in Fig. 9.

DMSO is a well-known compound that promotes phase segregation in PEDOT:PSS thin films due to its high dipole moment (4.3 D).
Based on previous work [16], the optimal DMSO/PEDOT:PSS ratio was established as 1:5 by weight for enhancing the electrical
conductivity; therefore, the same DMSO concentration was used in this study. An improvement in the charge transport in the film
regions between the HNT is expected, whereas the interaction between the PEDOT chains and HNT is probably weakened.

The secondary doping effect promoted by DMSO addition is verified by the enhancement in the conductivity in more than three
orders of magnitude (from 0.04 to 49.25 S/cm), as shown in Fig. 9a. This is indicative that the correlation length in PEDOT:PSS/DMSO
films (0 wt% HNT) decreased in comparison to that in the pristine PEDOT:PSS material, through phase segregation, as previously
reported [16]. Afterward, when the HNT concentration increases, the insulating nature of the HNT becomes important in such a way
that randomly distributed HNT hinder the charge transport. As a result, the conductivity monotonically decreases as a function of the
HNT concentration (Fig. 9a).

The addition of DMSO reduces the correlation length of the material compared to pristine PEDOT:PSS thin films, as indicated by the
shift of the critical frequency towards values close to the instrument’s measurement range (see Fig. 9b). With the addition of HNT (from
0 to 1 wt%), the critical frequency f, is slightly modified as a function of the HNT concentration, ranging from 1.6 x 10° to 3.5 x 10°
Hz. Thus, the effect promoted by the interaction between HNT and PEDOT chains is overshadowed by the secondary doping effect. This
observation justifies our initial interest in studying PEDOT:PSS/HNT systems without any other additives.

Moreover, UV-Vis spectroscopy (Fig. 10) confirmed that the relative population of polarons or bipolarons does not change in
PEDOT:PSS/DMSO films as compared to pristine PEDOT:PSS material (both have the same line shape and relative band intensities).
This indicates that the enhancement in the electrical conductivity can be attributed to a change in the correlation length promoted by
phase segregation [16]. The enhanced conductivity in PEDOT:PSS/DMSO films (at 0 wt% HNT) decreases monotonically as a function
of the HNT loading, while the polaronic band at around 800 nm slightly diminishes. This suggests that the relative population of
bipolarons in composites containing HNT is slightly greater than in pristine PEDOT:PSS thin films, indicating that the interaction
between the PEDOT chains and HNT still exists.

The decrease in conductivity of PEDOT:PSS/HNT systems as a function of HNT concentration when additives are used has been
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Fig. 12. UV-Vis spectra for PEDOT:PSS/f-HNT thin films.

previously observed by H. Yan et al., with formic acid and ethylene glycol [48], S. Tu et al. with DMSO/salts [46] and by P. Gemeiner
et al., using ethylene glycol [45]. In DMSO-PEDOT:PSS/HNT systems, phase segregation is the most critical factor contributing to
improved charge transport rather than the interaction between HNT and PEDOT chains at relatively low HNT contents. HNT hinder
charge transport.

The functionalization of the HNT (f-HNT) was conducted using the procedure described in the experimental section. This procedure
is applicable to HNTs because their external surface is composed of Si—O—Si functional groups.

In the FTIR spectra of the PEDOT:PSS/f-HNT composites (Fig. 11), the absence of the characteristic double band at 650 cm ! and
585 cm ™!, assigned to the Si — Cl stretching of OTS, confirms the functionalization of HNT [49]. Due to the functionalization process,
the interaction between the external HNT surface and PEDOT:PSS is hindered, leading to expected changes in electrical conductivity
and correlation length. As shown in Fig. 9b, the DC conductivities for PEDOT:PSS/f-HNT composites at two different concentrations
(0.1 and 1.0 wt%) are of the order of pristine PEDOT:PSS films but with a higher correlation length (the critical frequency decreased).
This indicates that the interfacial functional groups hinder the interaction between the PEDOT chains and the external surface of the
halloysites, and the insulating phase in the composite only impedes charge transport.

PEDOT:PSS/f-HNT thin films showed larger aggregates than composite films without functionalized HNT, resulting in more sig-
nificant uncertainty in the films’s thicknesses (a useful parameter for conductivity calculation), which may lead to a probable over-
estimation of the electrical conductivity. This explains the subtle differences between the calculated conductivities of films with f-HNT
and pristine PEDOT:PSS. However, the correlation length clearly increased as a function of the f-HNT content, as seen in Fig. 9.

Considering the UV-Vis spectra of PEDOT:PSS/f-HNT thin films (Fig. 12), the difference between them is subtle, with the relative
intensity of the polaronic band almost unaltered. Thus, functionalized halloysite nanotubes do not modify the relative population of
bipolarons in PEDOT. Therefore, due to the weakened interaction between HNT and PEDOT chains, there is no significant contribution
to the improvement in charge transport, in fact, it may even be hindered.
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Fig. 13. TG and DTG curves of PEDOT:PSS/HNT composites.

Thermogravimetric analysis was performed to evaluate the role of both HNT and f-HNT in the thermal stability of the composites,
as depicted in Fig. 13. The thermal properties of HNT are not affected by their dispersion in isopropanol in an ultrasonic bath [45]. The
thermal stability of PEDOT:PSS/HNT composites improved as a function of the nanofiller content compared to the pristine PEDOT:PSS
thin films. Similar behavior has been observed previously [41,71-74].

Regarding the nature of the degradation processes, the derivative thermogram (DTG) curves (Fig. 13b) exhibit the first peak
associated with residual water loss in the materials. The second peak between 300 °C and 350 °C has been attributed to the
decomposition temperature of PSS (due to the removal of polystyrene sulfonate groups), and the third, at temperatures higher than
390 °C, to degradation of the polymer backbone and decomposition of the aromatic thiophene ring of PEDOT [41,75-77]. However,
different assignments for these thermal processes can be found in the literature, depending on the polymer chain lengths or the PEDOT
content in the composite [78-80]. In the case of halloysites, the peak at temperatures higher than 450 °C is related to structural water
loss [41].

The presence of HNT (or f~HNT) in the composites restricts the thermal motion of the polymer chains, PEDOT and PSS, delaying the
degradation process of the polymers, as seen in Fig. 13a. Halloysite nanotubes degrades at 450 °C (onset) and, after functionalization,
at 420 °C (onset). The composites follow the same trend. For instance, after water removal, the thermal degradation onset for com-
posites containing 0.1 wt% HNT changes from 320 °C to 300 °C when the nanotubes are functionalized. However, considering thermal
processes below 300 °C, the percentage of mass loss for composites containing HNT is greater than for f-HNT-based materials, sug-
gesting a modification in the interaction between PEDOT, PSS and HNT. From the electrical characterization, the interaction between
PEDOT chains and HNT is weakened after the functionalization process.

4. Conclusions
PEDOT:PSS/HNT composites were spin-coated onto glass substrates and their optoelectronic properties were studied. The results
presented earlier offer new insights into the interaction between PEDOT:PSS and HNT, enabling various potential applications. An

increase in conductivity was observed after adding halloysites nanotubes to the PEDOT:PSS conducting matrix. Although the electrical
conductivity is not as high as that obtained with secondary dopants, the condition of relatively low conductivity is not a restriction but
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an opportunity for using PEDOT:PSS/HNT thin films in optoelectronic devices which do not require a high-conductivity state, while
taking advantage of the hollow structure of the HNT.

The PEDOT:PSS formulations considered here exhibited similar behavior to that previously reported in the literature; however, in
our case, the maximum electrical conductivities were achieved at lower HNT concentrations. This difference could be attributed to
variations in the specific properties of the PEDOT:PSS formulations used, such as particle size, viscosity, or solid content, as well as the
thin film-forming process considered here (spin-coating).

Based on the different characterization techniques conducted on the composite thin films, the conductivity enhancement is
attributed to the formation of conductive pathways on the HNT surface, which makes hopping transport more efficient. UV-Vis
spectroscopy did not reveal significant modifications in the relative population of polarons and bipolarons, nor were there observed
chemical changes. However, the observed small variations in the absorbance at ~800 nm could suggest a strong electrical interaction
between HNT and PEDOT chains at low pH values. Moreover, our findings from impedance spectroscopy support the notion that the
correlation length in the PEDOT:PSS/HNT composites decreases. Finally, the optoelectronic properties of composite materials
modified via the secondary doping effect and functionalization of the halloysite nanotubes are consistent with the proposed
mechanism.

The addition of HNT increases the surface roughness of films. This factor must be considered during the design of opto-electronic
devices. Special procedures need to be developed to ensure proper distribution of HNT and better stability of dispersions.
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