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ABSTRACT

Poly(3,4-ethylenedioxythiophene) (PEDOT)/Nafion is a promising mixed ionic-electronic conducting polymer. However, in
contrast to the well-studied PEDOT:poly(styrenesulfonate) (PSS) system, the nanoscale morphology and the relationship between
crystallinity and composition in PEDOT/Nafion remain insufficiently explored and therefore poorly understood. In this work, we
investigate the morphology and structural organization of PEDOT/Nafion by combining X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), and coarse-grained molecular dynamics (MD) simulations. This combined approach enables us to directly
link surface composition, bulk crystallinity, and molecular-scale packing in PEDOT/Nafion—insights that are not accessible from
PEDOT:PSS or Nafion-only studies. XPS revealed two distinct sulfur environments associated with PEDOT and Nafion, with
a sulfonic-acid-to-thiophene-group ratio Ry of # 2.3. XRD analysis showed PEDOT crystallites with an average 7—r stacking
size of about 2.1 nm. MD simulations provided molecular-level insight into the effect of composition, demonstrating that higher
Nafion content disrupts PEDOT stacking, yielding smaller crystallites (~1.1 nm), while reduced Nafion content promotes better
ordering (~1.4-1.8 nm). These findings establish a clear correlation between composition and crystallinity, supporting a model
where the surface is Nafion-rich and the bulk has a lower R, ratio. The combined experimental-computational approach offers
a comprehensive understanding of PEDOT morphology and valuable guidance for the design of mixed ion-electron conducting
polymers.

1 | Introduction (PEDOT:PSS) is probably the most useful, versatile, and studied

[5-7]. In fact, PEDOT:PSS exhibits a large set of appealing

Mixed ionic-electronic conducting polymers, which support
simultaneous ionic and electronic transport, have attracted grow-
ing interest in materials science due to their unique combination
of electrical, mechanical, and thermal properties, enabling
applications in devices that rely on coupled ion-electron
conduction such as supercapacitors, sensors, ion pumps, electro-
chemical transistors, and many others [1-4]. Among these pol-
ymers, poly(3,4-ethylenedioxythiophene):polystyrenesulfonate

properties, such as high conductivity, large capacitance values,
high dispersibility in water, which facilitate the deposition of
this conductive polymer on different substrates. In addition,
PEDOT:PSS is also highly chemically and electrochemically
stable. One of the most important properties of PEDOT:PSS films
is their extremely high conductivity that after post-treatment
can reach values as high as 1000-3000 S/cm, thereby resulting
almost comparable to metallic conductor surfaces [8, 9].
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FIGURE 1 | (a)The atomic structure and the Martini coarse-grained
beads for (a) PEDOT and (b) Nafion. Colour scheme: black (C), red (O),
yellow (S), green (F), purple (virtual sites). The Martini beads are SC1,
SC2, and SNda for PEDOT and C2n, Non, Qan for nafion.

Recently, the novel conducting polymer PEDOT:Nafion was syn-
thesized via a reproducible protocol from water-based dispersion
of the monomer EDOT in the presence of the ionomer Nafion
[10], see Figure 1 for a chemical structure of PEDOT and Nafion.
The PEDOT:Nafion film exhibits a conductivity range of 0.3-
2 S/cm, which can be enhanced up to approximately 6 S/cm by
ethylene glycol treatment. Interestingly, PEDOT:Nafion demon-
strates improved adhesion to glass substrates compared to
PEDOT:PSS without silane cross-linkers [10]. The PEDOT:Nafion
coating on flexible neural microelectrodes provides similar in
vivo recording quality as PEDOT:PSS, while allowing a much
higher charge injection due to the reduced polarization during
electrical stimulation [11]. Melt-spun PEDOT:Nafion fibers can
be fabricated showing excellent mechanical properties with the
nontoxicity of the material [12]. This makes PEDOT:Nafion a
good candidate for organic electronic device architectures such
as organic electrochemical transistors, artificial synapses [12], and
chronic bioelectronic applications.

Despite the growing interest in PEDOT:Nafion and its promising
performance in mixed ionic—electronic conducting applications,
its detailed morphology and structural organization remain
poorly understood. By contrast, the morphology of PEDOT:PSS
system is relatively well established: PEDOT:PSS can be described
as a three-component system comprising positively charged
PEDOT chains, deprotonated negatively charged PSS chains,
and protonated neutral PSS chains [13, 14]. In this frame-
work, PEDOT-rich domains are dominated by PEDOT and
deprotonated PSS, whereas PSS-rich domains consist largely of
protonated PSS. In contrast to the extensively studied PEDOT:PSS
systems, or Nafion systems [15, 16], only limited information is
available regarding the molecular arrangement, phase separation,
and crystallinity of PEDOT:Nafion films. Understanding these
structural features is essential, as they directly influence charge

transport, ion mobility, and interfacial properties that determine
device performance.

To date, no systematic computational studies have been reported
that provide molecular-level insight into the morphology
of PEDOT:Nafion. In particular, simulations developed for
PEDOT:PSS do not account for Nafion’s fluorinated backbone,
and Nafion-only simulations cannot describe how PEDOT
packing and crystallite formation are modified by the ionomer
environment. Notably, computational microscopy based on
molecular dynamics (MD) simulations represents a powerful
yet underutilized approach for elucidating the nanoscale
organization of mixed ion-electron conducting polymers [17].
Such simulations can yield reliable and detailed information
about key aspects of morphology—such as chain packing,
crystallite formation, and polymer-polymer interactions—that
are difficult to access experimentally.

In this work, we investigate the morphology and structure of
PEDOT:Nafion films by combining X-ray photoelectron spec-
troscopy (XPS) and X-ray diffraction (XRD) measurements with
coarse-grained MD simulations. XPS was employed to probe
the surface composition and determine the sulfonic-acid-to-
thiophene-group ratio Ry, while XRD provided information
about the crystalline domain size in the bulk. The experimental
observations were then analyzed and interpreted using compu-
tational microscopy, enabling us to connect the molecular-scale
structure with the measured macroscopic properties.

Our results reveal that the PEDOT:Nafion films exhibit com-
positional gradients between the surface and the bulk, with
the surface enriched in Nafion and the bulk dominated by
PEDOT:Nafion with a lower R, ratio (i.e. lower Nafion content).
Together, these experimental and computational insights provide
a coherent picture of PEDOT:Nafion morphology and establish
a framework for rational design of mixed-conducting polymer
systems for bioelectronic and electrochemical applications.

2 | Model and Methods
2.1 | Experimental Method
2.1.1 | Synthesis of PEDOT:Nafion Film

PEDOT:Nafion was prepared through oxidative polymeriza-
tion of EDOT in a water dispersion of FeCl; and Nafion,
according to a previously published protocol [10]. Briefly, 3,4-
ethylenedioxythiophene (EDOT, 0.187 mmol) was dissolved
under N, in a dispersion of Nafion (2 mL) in water (6 mL)
through vigorous stirring. FeCl; (0.374 mmol) was added to the
mixture, and the stirring was continued at room temperature
for 24 h, under N, atmosphere. The crude product centrifuged
several times with water to give a dark blue dispersion of
PEDOT:Nafion in water [10]. Coatings of PEDOT:Nafion were
obtained by drop casting the water dispersion on glass slides
and the solvent was evaporated at room temperature for 24 h.
Deposited films were subjected to an annealing at 100°C for
30 min to improve the adhesion with the glass substrate. This
annealing protocol was selected based on the previously reported
preparation procedure and to ensure reproducible film formation;
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systematic optimization of annealing parameters was outside the
scope of the present study.

2.1.2 | Characterization of the PEDOT:Nafion Film

2.1.2.1 | X-ray Photoelectron Spectroscopy (XPS). The
surface chemistry of the PEDOT:Nafion films was investigated
via XPS. The spectra were collected with a Kratos Axis UltraPLP
spectrometer, using an Al Ko source operated at 20 mA and 15 kV.
Survey scans were carried out at a pass energy of 160 eV, over an
analysis area of 300 X 700 microns. High-resolution scans were
carried out at a pass energy of 20 eV, over the same analysis
area, with a specific focus on the S 2p signals. Spectra were
analyzed using CasaXPS software (version 2.3.24). Due to spin-
orbit coupling, S 2p states were fitted with doublets of peaks
having the same full width at half maximum, a spin-orbit splitting
(i.e., the distance between the two components of each doublet)
of 1.2 eV, and an intensity ratio of 1:2 between the high- and
the low-binding energy component (2p,;, and 2ps,, respectively).
The position of each S 2p doublet is identified by the position of
the 2p;,, component. The XPS analysis was performed over three
different regions of PEDOT:Nafion coating to provide the relative
content of thiophene and sulfonate groups as measured on the
different areas of the film, as summarized in Table S1.

2122 | X-ray diffraction (XRD). XRD pattern was
recorded on a Malvern-PANalytical Empyrean X-ray
diffractometer equipped with a 1.8 kW CuKa ceramic X-ray
tube, PIXcel3D 2 x 2 area detector and operating at 45 kV
and 40 mA. The analysis was carried out in the air, at room
temperature, using Parallel-Beam (PB) geometry and symmetric
reflection mode.

2.2 | Molecular Dynamics Simulations of
PEDOT:Nafion Film

For molecular dynamics simulations, we use our previously
developed Martini coarse-grained model for PEDOT (17, 18],
see Figure la. This model has been used to investigate PEDOT
solutions, and dried film with different counter ions (Tos, and
PSS) and ion diffusion in these systems [9, 13, 14, 17, 18]. The
Martini model [19, 20] uses a coarse-grained representation of
the polymer, where a single bead represents a few real atoms.
The interactions between the beads are described by a simplified
force field that is validated by comparison with all-atom simu-
lations, which show that the model reproduces key structural
features relevant for morphology, including chain packing and
-7 stacking tendencies. For Nafion, we adopted the previous
model used to study Nafion aggregation in water [21]. In our
simulations, we used the GROningen MAChine for Chemical
Simuation (GROMACS) software package to perform molecular
dynamics simulations of PEDOT:Nafion in water [22, 23].

In the calculations, the chain length of PEDOT was set to
12 monomer units [24], and the Nafion chain length was set
to three monomer units [21]. Note that detailed experimental
information on the PEDOT chain length is lacking due to
the challenges associated with its experimental determination,
primarily arising from the insolubility of PEDOT films. Never-

theless, PEDOT chains are generally believed to be relatively
short (N =~ 10-20). The chain length chosen in the present
work (N = 12) is based on our previous molecular dynamics
simulations of PEDOT polymerization [24]. The oxidation level
of PEDOT was set to 33% (i.e. one positive charge over three
monomers), which was compensated by the equal amount of
negative charges on Nafion. This choice corresponds to typical
experimental conditions for pristine (as-polymerized) PEDOT
[25]. We first randomly distributed PEDOT and Nafion chains in
the simulation box, which is then filled with polarizable water
molecules. The simulation box had the size 25 X 25 x 25 nm?, and
it contained 300 PEDOT chains, 400 Nafion chains, and 86 500
water molecules. The simulation box was equilibrated using a
series of energy minimization and equilibration steps. The energy
minimization was done by the steepest descent method, followed
by equilibration in the Isothermal-isobaric (NPT) ensemble for
50 ns, utilizing the Berendsen barostat and Berendsen thermostat
[26]. In the equilibration, a restraint was applied to the polymer
matrix to reach an equilibrated water distribution around the
PEDOT and Nafion chains. We then performed production runs
of 250 ns each, during which we monitored PEDOT’s structural
and dynamic properties by using the Parrinello-Rahman barostat
[27] at P = 1 bar and v-rescale thermostat [28] at T = 300 K. In
all calculations the Coulomb interaction was calculated using the
Particle Mesh Ewald (PME) method [29]. The cut-off distance for
the Lennard-Jones interaction was set to 1.4 nm.

The final PEDOT:Nafion solution is dried in 57 successive steps by
randomly removing remaining water molecules from the simula-
tion box. This stepwise computational evaporation protocol is a
representation of a gradual solvent removal during experimental
drop-casting, allowing morphological reorganization between
evaporation steps. Here we follow a similar protocol that we
used in our previous MD studies of PEDOT:PSS to ensure that
the computational solvent removal is sufficiently slow and does
not lead to structural or morphological artifacts [13, 14]. The
remaining water molecules are equilibrated for 4 ns with a
protocol similar to the above. The production run in the NPT
ensemble is performed for 8 ns for each evaporation step. As a
result, the total molecular dynamics simulation from the initial
PEDOT:Nafion solution to the dried film is nearly 1 ps.

3 | Results and Discussion

The S 2p spectrum from XPS analysis reported in Figure 2 displays
the typical signals at approximately 164 and 169 eV, which are
due to sulfur atoms in the thiophene moiety of EDOT and in the
sulfonic acid group of Nafion, respectively [30]. The ratio between
the areas of the two signals can be used to infer the thiophene to
sulfonic acid groups ratio (Rg/1) in Pedot:Nafion. According to our
XPS analysis, an Rg;; value of 2.4 + 0.3 was found, in line with
previous data for PEDOT:Nafion deposited on the same material.

From the XRD pattern shown in Figure 3a a rough estimation of
the PEDOT average crystallite size in the 77— stacking direction
can be obtained by applying the Scherrer equation on the full
width at half maximum (FWHM) of the peak at around 20
= 17°. The value thus obtained is 2.1 nm. We note that the
Scherrer equation provides an approximate estimate of coherent
scattering length and can be affected by other peak broadening
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FIGURE 2 | XPS analysis of PEDOT:Nafion film.

contributions (e.g., disorder/strain) commonly present in semi-
crystalline polymer systems; thus, the value should be regarded
as an effective crystallite-size estimate.

To gain deeper insight into the experimental findings, we
employed a computational microscopy approach based on coarse-
grained molecular dynamics (MD) simulations to model and
analyse the morphology of PEDOT:Nafion blends. A represen-
tative snapshot of the simulated film morphology is shown
in Figure 3c, revealing the formation of PEDOT crystallites
surrounded by entangled Nafion chains. (Details of the MD
simulations and PEDOT:Nafion film preparation are provided in
the Method section).

The degree of stacking between PEDOT chains was quanti-
fied through the radial distribution function (RDF) calculated
between PEDOT planes in the dried films for various Nafion-to-
PEDOT ratios, as shown in Figure 3b. While the X-ray diffraction
(XRD) pattern can, in principle, be derived directly from the sim-
ulated morphology, the RDF provides a more direct and detailed
picture of local ordering. In particular, the number of peaks in
the RDF corresponds to the number of stacked chains plus one,
allowing the direct estimation of the crystalline domain size.

At a high Nafion content (Rg,r = 2.3), three peaks are visible in
the RDF at normalized distances R/ R,, = 1, 2, 3, where R, =
3.5 A represents the 7—7 stacking distance. This indicates stacking
of four PEDOT chains, corresponding to an average crystallite
size of approximately 3 x 3.5A ~ 1lnm —roughly half the
value (2.1 nm) estimated from the experimental XRD analysis
(Figure 2a). As discussed below, this discrepancy is consistent
with a Nafion-enriched surface probed by XPS vs. a lower Nafion
content in the bulk dominating the XRD signal. When the Nafion
content is reduced (Rg;; = 1.15 and 0.57), additional peaks emerge
in the RDF at R/ R, = 4 and 5, corresponding to stacks of five
and six chains, respectively. The associated crystallite sizes (~
1.4-1.8 nm) are in much better agreement with the experimental
value.

It is important to note that XPS probes only the surface region
of the film—typically a few nanometers deep. In contrast, the

XRD signal integrates over the film thickness and is therefore
dominated by the bulk region. Our interpretation thus assumes a
compositional gradient across the film thickness, with a Nafion-
enriched surface and a bulk region of lower Nafion content.
Therefore, the experimentally observed Rgratio of ~ 2.3 pri-
marily reflects the surface composition. Previous studies have
reported that the outermost layers of PEDOT:Nafion are enriched
in fluorine due to the segregation of sulfonic acid groups away
from the surface [10]. Our combined MD and XRD analysis
support this interpretation, suggesting that the experimentally
observed XRD pattern predominantly originates from the bulk
region, where the effective Nafion/PEDOT (or R, ;) ratio is lower
(< 1) than that at the surface (R & 2.3).

4 | Conclusion

In this work, we investigated the morphology and structural
organization of PEDOT:Nafion films by combining experimental
techniques—X-ray photoelectron spectroscopy (XPS) and X-
ray diffraction (XRD)—with coarse-grained molecular dynamics
(MD) simulations. The XPS spectra revealed two distinct sulfur
environments corresponding to the thiophene units of PEDOT
and the sulfonic acid groups of Nafion, with an Rgratio of
approximately 2.3. XRD analysis yielded an average PEDOT
crystallite size of about 2.1 nm along the - stacking direction.

Complementary MD simulations provided molecular-level
insight into the crystallization behavior and its dependence
on composition. The simulations revealed that increasing the
Nafion content disrupts PEDOT stacking, leading to smaller
crystalline domains. Specifically, at a high Ry ratio of 2.3,
the simulated crystallite size (~1.1 nm) was about half of the
experimental value, whereas lowering the Nafion content (ratios
1.15 and 0.57) led to the formation of larger crystalline domains
(~1.4-1.8 nm), in better agreement with the XRD results. Taken
together, these findings indicate a strong correlation between
local composition and structural ordering in PEDOT:Nafion
films. From an application perspective, Nafion content is also
expected to influence operational stability through its impact on
water uptake, ionic-domain connectivity, mechanical integrity,
and interfacial adhesion. While a systematic stability study vs.
composition is beyond the scope of the present work, prior
reports on PEDOT:Nafion indicate promising performance in
bioelectronic contexts and good adhesion/processing robustness
[10-12]. Future work will quantify stability metrics (e.g.,
conductivity retention, electrochemical cycling stability, and
mechanical durability) as a function of Nafion content.

The simulations support a model in which the surface region
is enriched in Nafion, while the bulk exhibits lower Nafion
content and higher PEDOT crystallinity. This compositional
gradient explains the observed differences between surface-
sensitive (XPS) and bulk-sensitive (XRD) measurements and cal-
culations. The combined experimental-computational approach
thus provides a comprehensive understanding of the hierar-
chical structure of PEDOT:Nafion, offering valuable insight
for the design and optimization of mixed-conducting polymer
systems in electrochemical and electronic applications. More
broadly, this workflow—Ilinking surface-sensitive composition
probes and bulk crystallinity measurements with computational
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microscopy—can be extended to other mixed ionic-electronic
conductors and ionomer—conjugated polymer composites where
nanoscale segregation and surface-bulk gradients govern func-
tion.
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