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Kinetics and Physicochemical Characteristics of
Electrodeposited PEDOT:PSS Thin Film Growth

Hajar Mousavi, Laura M Ferrari, Amelia Whiteley, and Esma Ismailova*

In bioelectronics, conducting polymer coatings allow the reduction of the
impedance of metallic electrodes and facilitate the translation of bioelectrical
signals at their interface. Such coatings can be made using thin film deposi-
tion from a solution or direct synthesis via electrodeposition. The electrical
control over the deposition offers the possibility for a fine-tuning of the film’s
thickness and structure. However, the mechanical stability of such coat-

ings mainly suffer from their poor adhesion to the electrode surface and

film cracking. Here, an extended study on the kinetics of poly(3,4-ethylene
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) electropolymerization
and the evolution of its physicochemical properties is provided. The imped-
ance spectroscopy closely follows the electrochemical variations during the
PEDOT:PSS’s film growth, described by modeled equivalent circuits. The
film’s properties change during polymerization in relation to the supporting
electrode size, its surface chemistry, and the deposition time. The film growth
structures polymeric morphology in a confluent layer with a strong thickness
increase before reaching its mechanical surface failure. Before this point,

the film remains stable over a hundred cycles of applied potential strain in

a defined redox window. These evaluations benchmark the PEDOT:PSS film
properties during its electropolymerization toward electrochemically tunable
transducers for bioelectronics.

diagnostics. microelectrode arrays (MEAs)
in junction with cell tissue are able to
detect the presence of pathogens, toxins or
follow the development of pharmacolog-
ical action on a biological model such as
BBB (blood brain barrier) or cancer cells.?
Implantable probes made with organics
also show an outstanding biomechanical
compatibility with biological tissue and an
advanced detection of electrophysiological
activities.}¥  Similar improvements in
signal quality detection are seen in weara-
bles made of conductive polymers when
combined with textiles, paper, and flexible
substrates.”” In all these applications,
long-term performance of the devices
and materials functionality are important
parameters that need to be characterized
while developing mnovel Dbioelectronics
technologies.

In the past few decades, conductive
polymers (CPs) have been extensively used
to enhance the characteristics of tradi-
tional metallic microelectrodes in bioelec-
tronics."®9 Their coupled ionic/electronic
mixed conductivity is particularly inter-
esting at the interface with an ionically

1. Introduction

Bioelectronic devices based on organic electronic materials
have emerged in recent years demonstrating a steadfast poten-
tial for technology transfer.! Three main families of devices
stand out for their application in in vitro, in vivo, and on-body

conductive living tissue allowing for a precise signal transduc-
tion.1 This is extremely valuable for microelectrode arrays
as they provide high spatial resolution in monitoring of living
tissues, as their impedances scale up by several orders of mag-
nitude in comparison with macrosized electrodes. The main
advantage of coating metal-based electrodes with conductive
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polymers is that they reduce the impedance by increasing the
capacitance of the electrode at the interface thanks to volumetric
charge transfer capability of CPs.'3"78 There is a trade-off
between the resolution and quality of the signal as the signal-to-
noise ratio drops significantly with increase of impedance.!31

While using electrochemical impedance spectroscopy (EIS)
to study the CP-coated electrode’s interfacial properties, their
combined capacitive and resistive behaviors lead to the occur-
rence of a cut-off frequency as a key figure of merit when com-
paring with metallic electrodes. It is defined as the frequency
at which the signal power reduces to its half magnitude.™ In
the Bode representation of impedance, it corresponds to the 45°
phase, where the electrodes transit from predominantly resis-
tive to predominantly capacitive. At this point, the impedance
increases by several orders of magnitude. As result, the signals
above the cut-off frequency can be recorded accurately, while
low frequency signals are phase-shifted, filtered, and eventu-
ally undergo nonlinear distortion.>1020.211 In this regard, bio-
logical signals span in a broad frequency range, from as low as
1 Hz to as high as 1 kHz.?2 As MEAs have a high cut-off fre-
quency (<10 kHz),[! the conductive polymer coatings push this
frequency to lower values avoiding signals disturbance during
their recordings. Such phenomenon is known to depend on
volumetric charge transfer of the conducting polymers that
delays the double-layer capacitance creation at low frequencies
(>0.1 kHz) [15:23-26]

Among conductive polymers, poly(3,4-ethylenedioxythiop
hene):poly(styrenesulfonate) (PEDOT:PSS) is the most suc-
cessful material thanks to its biocompatibility, high charge
capacity, chemical stability, and commercial availability.”-?%] Tt
can be easily electropolymerized onto different electrode sur-
faces. The polymerization starts with an oxidation of 3,4-eth-
ylene dioxythiophene (EDOT) monomer resulting in positively
charged chains.?*31 As the resulting PEDOT is a semicon-
ductive polymer, the introduction of additional counter ions
form an electrostatically stable and conductive structure at
the backbone. Among the possible counter ions, negatively
charged poly(sodium 4-styrenesulfonate) (NaPSS) together
with PEDOT form the most successful combination because
of their high electrochemical stability (during oxidation/reduc-
tion processes), good film-forming properties, and resulting
high conductivity.??830-32 For the first time, Yamoto et al.
reported the electropolymerization of PEDOT:PSS.3*3 After-
ward, the morphology, mechanical properties, and conductivity
of PEDOT:PSS films have been largely studied in various depo-
sition conditions highlighting that deposition technique affects
the film properties.’”) For example, Khan et al. showed that
during electrodeposition the maximum polymer growth hap-
pens at the edge of the electrode due to the potential gradient
over the electrode’s surface. Some claims in the literature stipu-
late that galvanostatic technique results in a better coating uni-
formity.*! Castagnola et al. underlined that electropolymerized
PEDOT film morphology varies with cyclic voltammetry (CV)
scan rate, the EDOT monomer concentration, and the current
density.’%l They also showed that the CV produces a uniform
film, while galvanostatic and potentiostatic depositions create
large island aggregates.””) Cui et al. showed that PEDOT:PSS
film has an open fuzzy structure that allows fast ion transport
across the film, regardless of deposition technique.® Based
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on the literature above, there is not enough consistent data
allowing for a clear benchmark in PEDOT:PSS synthesis while
using electropolymerization. This can be explained by the pres-
ence of limiting factors occurring during the film growth or
initiating from the electrodes with different surface properties,
resulting in a multiparametric complexity understanding of the
process.

A poor mechanical stability during electropolymerization
of PEDOT:PSS has been revealed in the literature. Its attach-
ment to the substrate depends on its thickness, adhesion
surface properties, and electrodeposition-operating para-
meters (applied voltage/current, duration and repetition). For
example, it develops cracks and delamination upon mechanical
deformation, sterilization procedure, and in charge injection
applications® ! limiting coating’s long-term performances.
Therefore, some strategies have been proposed to promote
PEDOT:PSS adhesion to the metallic electrodes. Qu et al.
characterized the stiffness and adhesion of electrodeposited
PEDOT:PSS on metal electrodes.!! They measured interfacial
shear strength which showed the linear relationship between
PEDOT:PSS thickness and cracks spacing.*?) As solution, the
polymer—substrate adhesion can be promoted by modifying
the electrode’s surface. Nanostructured platinum with iridium
oxide improves the PEDOT:PSS adhesion through the rough-
ening of the electrode’s surface.®®l From the chemical point,
EDOT derivatives such as EDOT-NH, and EDOT-acid boost
the mechanical stability of the polymerized films by forming a
chemical link between the electrode and the film.*#4

In addition, there is a growing interest in lowering the elec-
trode’s impedance for biomedical applications, and carbon-
based electrodes showed great potential due to their softness,
flexible manufacturing, compatibility with diagnostic imaging
and extensive possibility of biofunctionalization. Welle et al.
electropolymerized PEDOT:pTS (sodium p-toluene sulfonate)
on carbon microfibers for deep brain implantation.*! Taylor
et al. electrodeposited PEDOT/CNT on carbon microfibers
for dopamine sensing.* Yang et al. electropolymerized
PEDOT:PSS on glassy carbon to monitor tricresyl phosphate.[*’]
Nevertheless, the understanding of PEDOT:PSS polymeri-
zation, and its properties evolution on organic substrates is
missing due to the limited studies on the subject.

Here, we present the electropolymerization of PEDOT film
doped with PSS on three of the most representative substrates:
gold macroelectrodes (m-Au), gold microwires (u-Au), and
carbon microwires (U-C) with potentiostatic, galvanostatic, and
CV techniques. This study empirically evaluates the key param-
eters influencing the PEDOT:PSS film properties between dep-
osition techniques and substrate characteristics. First, we study
the kinetics of the polymerization by looking at the PEDOT:PSS
thin film growth on the surface of m-Au electrodes coated with
the potentiostatic technique where the applied voltage is inde-
pendent of electrode’s size and scan speed potential. The study
of chemical structure together with the conductivity at different
thicknesses evaluates the electrical properties changes of the
growing film during the polymerization. The morphology of
polymer film, its stability and interface impedance are assessed
as a factor of the substrate type and deposition technique using
electrochemical impedance and light spectroscopies, as well
as optical and electron microscopies. We show that the film
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cracking appears in relation to the substrate size and nature
while reaching several micrometers thickness. The imped-
ance evaluations of all the three types of electrodes follow the
PEDOT:PSS film growth kinetics during the electropolymeri-
zation. Finally, after defining the optimized deposition condi-
tions, the cycled CV follows the electrochemical stability of the
PEDOT:PSS films. These results show that only a very thin
film of PEDOT:PSS is required to electrochemically enhance
the electrical properties of each type of coated electrode. There-
fore, the understanding of the growing kinetics of CPs during
electrodeposition process enables to controllably modify and
tune the electrodes mixed conducting performances toward
bioelectronics applications dealing with frequency dependent
biosignals.

2. Results and Discussion

2.1. PEDOT:PSS Electropolymerization versus Structural
Characteristics

PEDOT:PSS electropolymerization happens by oxidation of
EDOT monomers under an applied current or voltage which
creates protonated intermediate radicals. Two activated mono-
mers combine together and create two protons letting PEDOT
positively charged chains to emerge (see Figure S1, Sup-
porting Information).8! The polymerization in the presence
of negatively charged PSS serves as a counter anion to com-
pensate PEDOT™* charges by forming an electrostatically stable
bipolymer thin film on the electrode surface, as schematically

(a)
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shown in Figure 1a. Such molecular doping allows for electron
transfer by creating an electrically conducting film. To follow
the structural evolution of the growing film, we first character-
ized its chemical composition and thickness as a function of
the deposition time. For this, standard round-shaped m-Au
electrodes are coated with PEDOT:PSS to allow for polymerized
film’s characterization. The electropolymerization using the
potentiostatic technique was timed at 5, 10, 50, 100, and 200 s
intervals at 1.1 V. The potential was set to avoid water hydrolysis
during electropolymerization. The combined scanning electron
microscopy (SEM) and energy-dispersive X-ray (EDX) imaging
of resulting electrodes quantifies the synthetically reacted
PEDOT and PSS chains by tracking the evolution of the sulfur
(S) element over the polymerization (Figure 1b). The sulfur per-
centage increased gradually from 2.4% at 5 s to 33.5% at 50 s
against the gold content. As seen in the lateral electrode’s sur-
face inspection by SEM, at a very early stage, the PEDOT:PSS
covers entirely the m-Au electrodes. In galvanostatic and
CV methods, the sulfur ratio increases from 2.3% to 22.7%
(5 to 50 s) and 1.4% to 17.2% (1-5 scans), respectively. Therefore,
the results of the potentiostatic method compared to the galva-
nostatic show a slightly higher sulfur content addition, 33.5%
against 22.7% at 50 s. The CV data are difficult to correlate as
the method is based on the cyclic reduction and oxidation pro-
cesses and the kinetics of the sulfur content growth should be
much slower as confirmed by the results.

Figure 1c shows an optical view of the PEDOT:PSS electrode
that has been delaminated from the m-Au after 200 s of poly-
merization using polyvinyl alcohol (PVA) support. SEM cross-sec-
tional imaging of individual electrodes defines the PEDOT:PSS’s
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Figure 1. The kinetics of PEDOT:PSS growth during electropolymerization: a) schematic illustration of PEDOT:PSS electropolymerization showing
the electrode (WE), the chemical structure of the main molecules participating the electropolymerization and the direction of the electrical field.
b) Energy dispersive X-ray (EDX) imaging of PEDOT:PSS-coated m-Au electrodes. The images represent gold and sulfur percentages upon increasing
polymerization time. The green color represents gold and the red represents sulfur contents in 10 x 10 um images. c) The optical top view and scan-
ning electron microscopy cross-section images of PEDOT:PSS/PVA film after 200 s deposition. d) The thickness measurements of PEDOT:PSS film
evolution at various deposition times. The used electrode diameter is T cm. e) Optical images of PEDOT:PSS film growth at different deposition times
on gold and after their peeling off using PVA layer. f) UV-vis transmission spectra of PEDOT:PSS films at different deposition times on PVA, including
pristine PVA film spectrum.
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(a) | Bare electrodes |

U-C electrode

| PEDOT:PSS-coated electrodes |

75s © 100s

| Cracking and delamination |

Figure 2. Structural growth of PEDOT:PSS film during potentiostatic deposition on three electrodes. SEM micrographs of a) m-Au electrode: bare (left),
PEDOT:PSS-coated after 100s (middle, the inset shows an optical image of the electrode with dark blue PEDOT:PSS coating in the circular area with 1cm
diameter) and the cracks formation after 200 s (right, the inset represents the cracks distribution by size over the electrode surface). b) p-Au electrode:
bare (left), PEDOT:PSS-coated after 50 s (middle) (the inset shows the electrode surface after the coating with 125 pum diameter) and the cracks appear-
ance already at 75 s (right) (the inset shows the cracks distribution). c) u-C electrode: bare (left), PEDOT:PSS-coated after 75 s (middle) (the inset shows
the electrode surface after the coating with 400 pm diameter) and the cracks appearance after 100 s (right) (the inset shows the cracks distribution).

thicknesses evolution over different deposition intervals. As
illustrated in Figure 2d, after 5 s of deposition the film thickness
reaches 540 + 10 nm and after 200 s is 711 + 0.6 pm. Such pro-
gressive thickness increase as a function of deposition time fol-
lows the same observations reported by SEM-EDX evaluations of
S percentage (Figure 1b). Thickness of PEDOT:PSS in galvano-
static deposition is between 360 + 80 nm and 5.4 £ 0.850 um for
5-200 s. In the CV method, they change between 120 £ 50 nm
and 3.8 £ 0.890 um at 1-5 scans of deposition.

In comparison, Castagnola et al.l’/! reported a thickness of
556 nm upon 10 s of deposition (on gold-polyamide substrate)
using an EDOT to NaPSS ratio of 1.7 (w:w) and the same voltage
of 1.1 V. However, Wustunit et al. reported a thickness of 320 nm
for duration of 300 s using EDOT:NaPSS ratio of 1:8 (w:w) at
1V deposition on gold-polyamide substrates.*’] In both studies,
the ratio of EDOT to NaPSS was lower than in our experiment
[1:14 (w:w)]. Cui et al. electropolymerized PEDOT:PSS on gold-
coated silicon probes, with the same EDOT:NaPSS ratio, and
thickness between 1 and 4 um by adopting the deposition time
at the constant voltage of 1.1 V.38 This is comparable with our
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results. These variations in the film growth kinetics over the
same technique of deposition highlight the importance of the
applied voltage and the EDOT:NaPSS ratio on the resulting film
characteristics. Therefore, potentiostatic electropolymerization
rate and subsequently the film thickness are highly affected by
the applied voltage.

Following the thickness evaluation, the electrical conduc-
tivity of the PEDOT:PSS films on electrically neutral PVA is cal-
culated with a four-point probe measurement using the same
samples. Conductivities of 117 + 0.002, 97 + 0.01, 83 + 0.007,
125 £ 0.004, and 112 + 0.003 S cm™ were measured for 5, 10,
20, 50, and 100 s of electrodeposition, respectively. As presented
in the literature, the PEDOT:PSS’s electrical conductivity of
blends varies from 0.01 to 4600 S cm™’. The conductivity can
be altered by adding glycerol, dodecyl benzene sulfonic acid,
perichloric acid,”® and (3-glycidyloxypropyl) trimethoxy silane
allowing for conformational changes between PEDOT and PSS
by promoting the creation of conductive domains.”’! Moda-
ressi and Zozoulenko modeled the impact of a solvent treat-
ment on PEDOT:PSS film conductivity through PEDO-rich

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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areas containing PEDOT and PSS chains (conductive domains)
and PSS-rich areas composed of PSSH chains (insulating
domains) using molecular dynamics simulation. Therefore, the
solvent treatment deprotonates PSS chains and improves the
film conductivity.”!) Castagnola et al. reported the conductivity
of electrodeposited PEDOT:PSS films between 30 and 120 S cm™
depending on the deposition parameters.’”] In our case, the
film’s electrical properties seem to not change during the
deposition using the potentiostatic technique. In galvanostatic
polymerization, the electrical conductivity are 91 + 0.001, 78 +
0.003, 101 £ 0.006, 118 + 0.002, and 98 + 0.005 S cm™ for 5, 10,
20, 50, and 100 s, respectively. Those obtained by CV technique
are 87 +0.002, 98 + 0.005, and 103 * 0.007 for 1, 2, and 5 scans,
respectively. This indicates that PEDOT and PSS chains build
up in the film without significant change during deposition.

The UV-vis spectroscopy provides information on the oxida-
tion state of conductive polymers. It reveals the doping level of
the positively charged polymer by the counterions which deter-
mines the electrical conductivity of the film.>>>3 Thanks to the
PVA’s high transparency, the PEDOT:PSS’s intrinsic optical
properties could be determined at different times of electropo-
lymerization. Here, upon the growth of PEDOT:PSS, the optical
images show a reduction of the film’s transparency and a spec-
tral transition from light to dark blue (Figure 1e). UV-vis spec-
troscopy of PEDOT:PSS film on PVA shows a large absorption
peak between 350 and 500 nm at various thicknesses with a
slight shift in wavelength for longer polymerizations (100 s)
(Figure 1f). Since PVA’s transmission remains 100% in this
window, only the contribution of the PEDOT:PSS’s transmis-
sion percentage decreases with increasing deposition time. This
suggests that the ratio of PEDOT:PSS remains constant and
the overall doping level does not change during the synthesis.
In addition, the attenuated total reflectance—Fourier transform
infrared (ATR-FTIR) (Figure S2, Supporting Information) and
Raman spectrum analysis (Figure S3, Supporting Information)
support these observations. ATR-FTIR reveals the presence of
the PEDOT’s asymmetric C=C stretches of the thiophene ring at
1515 cm™ and a peak around 978 cm™ that refers to the C—S—C
bond. This confirms a successful polymerization of EDOT mon-
omers. The presence of PSS’s bands appear at around 1178 cm™
(S=0O band), 1136 cm™ (SO;H group), and 1475 cm™ (C—C of
aromatic ring). The intensity ratio between each representa-
tive peak does not change along the deposition, as previously
reported.’*>’] The peaks amplitude rises with the deposition
time. Raman spectrum provides detailed information about the
structural transformation of PEDOT according to the doping
level. The most significant shift due to the PEDOT:PSS ratio
variation occurs at the symmetric Co=Cpf stretching band at
1438 cm™l. In our case, it remains unchanged during the poly-
merization. Other noticeable peaks at 1599 cm™ (Ca=Cp stretching
band), 1370 cm™ (CF=Cf), and 1252 cm™ (Co=Cc) stretching
bands do not change.®" These results support that PEDOT to PSS
ratio remains similar as a function of the film thickness.

2.2. Electropolymerized PEDOT:PSS Film Characteristics

Since electropolymerization requires a conductive surface to
begin, we evaluated the impact of the substrate’s type on the
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morphology of growing PEDOT:PSS film and its adhesion.
We observed considerable morphological variations of the film
according to the substrate type. Indeed, on m-Au and p-Au
electrodes, the PEDOT:PSS forms a flat film (Figure 2a left
and middle, Figure 2b left and middle), whereas a structured
cauliflower shape appears on |1-C electrodes (Figure 2c left and
middle) during potentiostatic deposition. Several studies show
that the CV technique creates a uniform film while potentio-
static and galvanostatic techniques tend to create PEDOT:PSS
islands due to the nonuniform current distribution.[*”3”38] In
our experiments on three different types of electrodes, we do
not see any changes in the morphology of the PEDOT:PSS as
function of electropolymerization technique (Figures S4 and S5,
Supporting Information) rather than as function of the elec-
trode type.

The extensive growth of PEDOT:PSS leads to its cracking
and delamination from the electrode surface because of its
weak adhesion forces and absence of any chemical interaction
with the substrate.#458-59] Indeed, we measured the adhe-
sion force using a peel-off technique that indicated a value of
300 + 100 mN for different coatings on m-Au electrodes before the
appearance of cracks (see Figure S6, Supporting Information).
As the film grows, the mechanical tension over the electrodes’
surface first results in small cracks, which then grow and cause
a substantial film self-delamination. The cracks formation starts
at 200, 100, and 75 s on m-Au, U-Au, and P-C electrodes, respec-
tively (Figure 2a, right, Figure 2b, right, and Figure 2c, right).
They tend to form later on larger electrodes. However, the mor-
phology of film cracking changes according to the substrate.
U-C electrodes show smaller cracks (Figure 2c, right) with their
width distribution between 0.18 and 0.35 um. The cracks get
thicker on the p-Au electrode where the width varies between
0.55 and 1.54 um (Figure 2b, right). In the case of m-Au,
the delamination occurs nearly at the same time as the cracking.
The crack’s width ranges from 1.8 to 5.4 um (Figure 2a, right). The
size and time window of cracking and delamination correlates
to the PEDOT:PSS adhesion and electrode’s surface properties.
The cracking happens much earlier on p-Au electrodes than on
m-Au whereas their sizes are in the um scale. The faster appear-
ance time can be explained by the potential distribution which
is higher over the smaller surface areas. The higher cracking
and delamination in m-Au electrodes is observed because of the
bigger surface tension produced at the cracking point. Though,
the consequence of the PEDOT:PSS attachment to the electrode
can be observed on two different p-electrodes. The difference
between p-Au and p-C is in their chemical surface nature. pu-C
compared to the Au has lower electrical conductivity due to its
organic nature. This allows for a stronger PEDOT:PSS attach-
ment as cracking starts later in u-C and their distribution is
almost three times lower compared to the p-Au. Therefore, this
is not sufficient to avoid mechanical degradation of PEDOT:PSS
films. Increasing the surface roughness has been previously
applied as a successful strategy to improve PEDOT:PSS’s adhe-
sion to the metallic substrates. For example, Boheler et al. used
nanostructured platinum and iridium oxide (IrOx) as adhesion
promoters to mechanically anchor polymers.’*% Chemical
functionalization of EDOT monomers with adhesion promoting
side groups showed better results in mechanical satiability of
electropolymerized films -4
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Figure 3. Electrochemical impedance spectroscopy: a) Bode plot, magnitude (logarithmic) and phase (linear), of m-Au, b) p-Au and c) U-C electrodes
coated with PEDOT: PSS via potentiostatic technique (1.1 V vs Ag/AgCl) at different times are shown. The curves show dynamic variation of electro-

chemical behavior of electrodes during the coating.

2.3. Electrochemical Characteristics of Electropolymerized
PEDOT:PSS

The electrochemical impedance spectroscopy (EIS) evaluations
of m-Au, U-Au, and p-C electrodes are represented as a func-
tion of deposition technique and time using a three-electrode
electrochemical cell. Overall, the impedance of PEDOT:PSS-
coated electrodes decreases for all types of electrodes as shown
in Figure 3 for potentiostatic technique and in Figure S7 (Sup-
porting Information) for galvanostatic and CV techniques. As
a general trend, the impedance of uncoated electrodes reduces
continuously during the coating of PEDOT:PSS with its signifi-
cant drop at already 5 s of deposition and afterwards its rate
slows down. The measured impedance values at this point
decrease by 40% (from 70 £ 0.1 to 29.2 + 0.4 Q) for m-Au,
98% for p-Au (from 304 £ 5.4 to 1.73 £ 0.5 kQ), and 92% (from
124 £ 54 t0 9.6 £ 0.1 kQ) in u-C electrodes at 1 kHz, which
is representative frequency in biosignaling!"” (see the Sup-
porting Information for data, Figure S8). Following the sys-
tematic monitoring of the electrode surfaces, the maximum
PEDOT:PSS thickness attains at different deposition times
on three types of electrodes before cracking. As presented in
Figure 2 (middle), the PEDOT:PSS covers the entire m-Au elec-
trode’s surface at 100 s, p-Au at 50 s, and p-C at 75 s of polymer-
ization time. Therefore, from 5 s to higher deposition times the
impedance changes at 1 kHz are minor (Figure S7, Supporting
Information).

This is also seen in the phase angle evaluation at 1 kHz in all
types of electrodes. The phase decreases to lower degrees (from
30° to 70° to below 10°) as shown in Figure 3 and Figure S9
(Supporting Information). Such electrode behavior is largely
explained as a resistive.l®” It moves toward frequency dependent
at lower frequencies by a progressive raise of impedance magni-
tude and the phase angle. In contrast, the CV technique shows
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a different behavior on m-Au with a similar tendency but with
a slower progression. This is also remarkable in impedance
data, where the magnitude drops dramatically with small vari-
ations between the numbers of cycles (Figure S7c, Supporting
Information). As discussed above, this observation confirms
that the kinetics of the PEDOT:PSS’s film growth is slower in
the CV technique compared to the potentiostatic and galvano-
static ones. With an increasing deposition time, the thickness of
PEDOT:PSS film increases and this is generally reflected on the
progressive behavioral shift from higher to lower frequencies of
the electrodes. Therefore, the electrodeposition time is the main
factor to tune electrochemical properties of the coatings after
achieving the first significant reduction of the impedance.

As the electrochemical behavior of electrodes changes with
frequency, a cut-off frequency can be defined. Electrode’s
impedance at frequencies lower than the cut-off frequency
(typically above 10 kHz for metal electrodes) increases by
a couple of order of magnitudes and the electrode is consid-
ered to behave as a capacitor.’! PEDOT:PSS coating on all
types of electrodes lowers the cut-off frequency considerably. It
decreases from 1000 £ 25 to 5 + 0.6 Hz for m-Au electrode and
63 £ 11 Hz for p-Au electrode. The cut-off frequency of u-C elec-
trodes decreases to 1.2 = 0.05 Hz (Figure 3, values are reported
in Figure S8, Supporting Information).>2*2] Large electrodes
have lower cut-off frequency while microelectrodes have cut-
off frequency above 10 kHz. PEDOT:PSS coating enlarges the
active electrochemical surface of the electrodes allowing for its
volumetric capacitance to increase. This delays the formation
of double layer capacitance at the interface to lower frequen-
cies. This is critical when it comes to bioelectrical signals trans-
duction. Signals with high frequencies at the interface with low
cut-off frequency electrodes attenuate only by the electrodes’
resistive behavior in a frequency-independent and non-phase-
shifted way. However, electrodes with high cut-off will tend

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

95UB01 7 SUOWILLIOD AIIERID 8ol [dde ay) Aq peusenob a2 ssjoie O ‘8sN JO Sa[nJ o} Akeiqi8UlUO AS[1M UO (SUONIPUO-PUR-SLLIBY WD A3 1M A1 1[BU 1 [UO//STIY) SUONIPUOD PUe SWie | 8y} 88S *[720Z/TT/ST] Uo A%iqiTauluo AS(1M ‘1 euuY elues aioliedns elonos Aq 282102202 W Be/Z00T 0T/I0p/wod A3 Im Afeiq 1 jpul|uo//Sdny wouy pspeojumod ‘6 ‘€202 ‘X09T66TZ



ADVANCED
SCIENCE NEWS

ADVANCED
CTRONIC

www.advancedsciencenews.com

to attenuate signals with different strength and frequency-
dependent manner. Therefore, it is important to control the
electrodes’ impedance and cut-off frequency according to the
application.

2.4. Equivalent Circuit Model of PEDOT:PSS Growth

The EIS profiles of PEDOT:PSS growing films allows for mod-
eling their electrochemical and physical characteristics using
three types of equivalent circuits (see Figure 4).%%] The elec-
trochemical impedance of microelectrodes is typically mod-
eled through the so-called Randles circuit.’®#¢4%% It consists
of a resistor (R,) in series with a parallel combination of a
capacitor (Cy) and a resistor (R.) plus a Warburg element (W)
(Figure 4a). Ry, is a spread resistivity, representing the resist-
ance against current flow by ion migration which depends on
electrode size and interfacing solution resistivity. The parallel
circuit is composed of the Cg, the double-layer capacitance, and
the faradaic component of the impedance, represented by R
and W. The appearance of double-layer structure and the fara-
daic reactions are in parallel as they both take place at the inter-
face between the electrode and the electrolyte. R is the charge
transfer resistance,®®! while W quantifies the solution species
diffusion toward and away from the electrode—electrolyte inter-
face due to a gradient in the ionic concentration. Therefore, W
represents the frequency dependence of impedance of the ion
transfer at the interface, which appears by 45° slope in phasic
(Bode) representation of the impedance. 246

The equivalent circuits, together with SEM observations,
allow for structural understanding of the film growth and their
electrochemical behavior during the synthesis. The first adopted

(@ (b)

100s

ELE
MATERIALS
—_—— D
www.advelectronicmat.de
equivalent circuit model is the Randles circuit, Ry(Cq(RW)), as
reported in Figure 4a,b showing m-Au and p-Au electrodes sur-
faces after 5 s of deposition. At this stage only a very thin layer
of PEDOT:PSS covers the surface of the electrode that behaves
following the Randles circuit.

The second adopted model represents the behavior of the
-C coated electrode, as shown in Figure 4c and Figure S4 (Sup-
porting Information), at the same deposition time. The surface
contains separate islands of PEDOT:PSS that does not fully
cover the electrode. Here, for a better fitting, we replaced the
W element with a constant phase element (Q) resulting in a
Ry(Cq(R+Q)) circuit. Q models the surface irregularities and the
interface porosity!®”l and it quantifies how close a surface can be
to an ideal capacitor [see Equation (1)]. In this case, the rough
surface of the electrodes is a predominant factor with respect to
the mass transfer represented by the W element.

N
(ZQ ~ vy QOJ 1

where n is the exponent ranging from 0 to 1. Where n =1, the
system behaves as an ideal capacitor, while n = 0 is a resistor.
Following SEM inspection, the PEDOT:PSS growth reaches
a confluent layer after 10 s on p-Au and 20 s on p-C electrodes.
The recorded impedances follow the third R;WCy model
at greater deposition times. In p-Au electrodes, after 10 s,
the R can be neglected as it reaches as high as the giga-ohm
range and at that point, almost no current passes. In this
stage, PEDOT:PSS film grows enough to fully cover the elec-
trode surface. It follows the volumetric capacitance evaluation
of the PEDOT:PSS which hinders the charge transfer at the
interface. In the case of U-C electrodes, R and Q are removed,

()

Figure 4. Modeled equivalent circuits of PEDOT:PSS growing films at different times of deposition. SEM image with its equivalent circuit of a) m-Au
electrode after 5 s of deposition (top) and after 100 s of deposition (bottom). R, is removed from the circuit upon coating PEDOT:PSS. b) u-Au elec-
trode after 5 s of deposition (top) and after 50 s of deposition (bottom). R; is removed from the circuit upon PEDOT:PSS coating. c) u-C electrode
after 5 s of deposition (top) and after 75 s of deposition (bottom). Q is replaced with W and R, is removed from the circuit upon coating PEDOT:PSS.
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and the circuit is replaced with R;WCy after 20 s of deposi-
tion. The elimination of Q is attributed to the n value. Up to
20 s, it is 0.96 £ 0.02 while after continuing the deposition for
another 30 s it reaches 1. The Warburg element is introduced
to the circuit for modeling the diffusion impedance (Figure 4c,
bottom). Finite-length Warburg diffusion impedance coefficient
[6 (©2S7%)] is calculated from Y, the magnitude of the admit-
tance (1/Z) at w=1rad s! (=0.16 Hz) [see Equation (2)].

1
( ZWJ ()

The o value decreases linearly upon PEDOT:PSS growth
from 1057 to 33.3 Q S~ for m-Au, from 839 to 11.3 kQ S*
for the p-Au electrode, and from 4029 to 3.4 kQ S~ for u-C
electrode. The ¢ drops with PEDOT:PSS thickness increase
due to the system transferring to be predominantly resistive
behavior.>*

Here, R, remains unchanged for all electrodes, independently
of PEDOT:PSS coating, as it only depends on the geometry and
type of the electrode after the full coverage. Cy increases with
deposition time up to 2.64 mF for m-Au, 1.32 uF for p-Au, and
20 uF for p-C electrode thanks to volumetric capacitance of
PEDOT:PSS with an ability of charge transfer (data resumed in
Table S1, Supporting Information). Therefore, the PEDOT:PSS
growth causes electrodes to become dominantly resistive to the
mass transfer which is proven by W coefficient drop.[°!

These observations are generalized over different electropol-
ymerization techniques, where PEDOT:PSS reduces electrode’s
impedance already during the first deposition seconds by sev-
eral orders of magnitude. Therefore, its electrochemical profile
changes with time of the deposition until obtaining a fully con-
fluent layer, which depends on the type of the electrode. This
deposition time needs to be respected while the coating of elec-
trodes with predominantly resistive or capacitive behaviors.

2.5. Electrochemical Evolution of Film Capacitance and lts
Stability

Following the evaluation of the electrochemical behavior of
PEDOT:PSS, the progression of the double layer capacitance is

www.advelectronicmat.de

measured by the CV technique since it encompasses the charge
capacity evolution during the coating. Figure 5c¢ shows the plot
of the current density (mA m™) versus the scan rate (V s7).
The slope of this plot represents double-layer capacitance (mF)
of the electrode. Figure 5a depicts the m-Au electrodes double-
layer capacitance coated for 5, 10, 20, 50, and 100 s. A great
correlation between the capacitance calculated from the CV
experiment and the values obtained from the equivalent circuit
model is reached. For example, Cy for 100 s deposition time is
6.6 F m~2, and it is 8.4 F m™ in an equivalent circuit (Table 1).
Results in Table 1 show a strong proof of the good compliance
of the equivalent circuit adopted at each stage of polymeriza-
tion to explain how PEDOT:PSS evolves its electrical properties
during its growth.

The correlation between the capacitance of the electrodes
and the film roughness can be intuitively proposed. The
double-layer capacitance of m-Au increases from 0.955 to
6.6 F m~2 upon the PEDOT:PSS coating (from 5 to 100 s). This
number is almost ten times higher for u-Au and p-C where
the capacitance changes from 13.5 to 111.6 F m™2 (5 to 50 s)
and from 21.5 to 281 F m™2, respectively. For example, at 50 s
deposition time the capacitance values of m-Au, U-Au, and
u-C are 4.2, 111.6, and 207 F m™2, respectively. As shown in
Figure 2, PEDOT:PSS forms a rougher film on u-C and p-Au
electrodes. Therefore, PEDOT:PSS forms a flat film on m-Au
electrodes. This change of roughness results in a twofold
increase of capacitance normalized to the electrode’s geomet-
rical surface area for U-C and p-Au in comparison with m-Au.
This can be due to the stronger adhesion of PEDOT:PSS to
initially rough surfaces. Comparing our results with the state
of the art, the average capacitance of metal microelectrodes
is about 20 puF m=2[5%1 Therefore, PEDOT:PSS coating
increases this number considerably. For example, X. Cui
obtained the capacitance of 800 F m™2 in PEDOT:PSS gold
electrodes.?¥ In another study by Wutsoni, PEDOT:PSS-
coated electrodes on gold reached the capacitance of
350 F m~2*1 while Chen et al. measured the capacitance of
10.4 F m2.[%8 This general increase of capacitance is due to
two mechanisms: volumetric capacitance of PEDOT:PSS and
an increase of the active electrochemical surface area of the
electrode. Both of those routes are considerably related to the
surface structure.2469.70]
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Figure 5. CV measurements. a) Current density of m-Au electrode evaluation at various deposition times against the scan rate. The slope of the line
represents the evolving double layer capacitance. Electrochemical stability measurement of b) m-Au electrode and c) u-Au and p-C electrodes, over

400 CV scans between —0.9 to +0.6 V with 0.5 V s7\.
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Table 1. Comparison of double-layer capacitance (F m=?) of PEDOT:PSS measured by CV technique and the equivalent circuit mode (EC) at various

depositions.

Deposition time [s] 5 10 20 50 75 100
m-Au electrode [F m™|

cv 0.96 1.91 35 4.2 - 6.6
EC 0.73 1.5 2.92 5.8 - 2.64
u-Au electrode [F m=

cv 13.5 57 65.5 1.6 - -
EC n3 211 42.21 99.5 - -
u-C electrode [F m™?|

cv 21.5 453 87.5 207 286 -
EC 1.1 271 47.9 106.9 159.8 -

In addition to capacitance measurements, CV is used to
estimate the electrochemical stability of PEDOT:PSS over oxi-
dation-reduction cycles. Any changes during potential swiping
shows structural changes such as film delamination, cracking,
or reorganization. Here, m-Au (Figure 5b), p-Au and u-C
(Figure 5¢) electrodes at 100, 50, and 75 s of deposition undergo
CV cycles. The potential window includes the reversible redox
reaction yet is narrow enough to avoid overoxidation.?”] The
CV area and its characteristics does not change after 400 cycles
for all electrodes. This indicates the electrochemical stability
of the polymer during oxidation-reduction processes in the
non-faradaic current window. Cui et al. observed the similar
behavior for electropolymerized PEDOT:PSS film.13¥ Wustoni
performed the same measurement on PEDOT:PSS for 500
cycles and showed 37% reduction of the PEDOT:PSS charge
capacity. However, this drop is compared to the first cycle of the
CV and, afterward, it conserves its stable redox activity without
a considerable drop over 500 cycles.*) This can be explained by
the structure rearrangement of films.*® The reduction peak for
PEDOT:PSS is around —0.7 V for m-Au and p-Au electrodes and
—0.3 V for p-C electrodes. Even though the adhesion and capac-
itance of the PEDOT:PSS film is highly affected by the sub-
strate roughness, an optimized electropolymerization ensures
the film stability during oxidation/reduction processes.

3. Conclusion

Thanks to its unique properties, in particular mixed ion-elec-
tronic conductivity, PEDOT:PSS is frequently used in various
applications such as energy conversion, electronic textiles,
flexible and stretchable electronics, and bioelectronics. The
understanding of PEDOT:PSS electropolymerization allows
for optimization and control of the electrical, electrochemical
and mechanical properties of electrodes. Our results confirm
that during electropolymerization, the ratio of polymerized
PEDOT to PSS does not change and the film growth begins
at a very early stage. Electrical and optical properties follow
the time-dependent behavior with a progressive increase of
the PEDOT:PSS film thickness. The potentiostatic technique
shows a comparable yet slightly higher sulfur growth kinetics
and PEDOTPSS’s film conductivity around 100 = 7 S cm™
on m-Au supporting electrodes. The relationship between the
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substrate characteristics and the electrodeposition techniques
show that the morphology of PEDOT:PSS and its adhesion to
the electrode surface mostly depends on the electrode’s sur-
face. PEDOT:PSS forms a cauliflower shape on p-C electrodes,
while it tends to form a flat layer on m-Au and p-Au electrodes.
Slower cracking appearance and their lower size distribution
suggest that PEDOT:PSS has better adhesion to u-C electrodes
in comparison with p-Au electrodes. In terms of electrical per-
formances, PEDOT:PSS coating reduced the impedance by two
orders of magnitude already after a few seconds of deposition.
Modeled equivalent circuits indicate that electrochemical prop-
erties evolve with the time of deposition and allow following
the capacitance increase over the film growth. These results
highlight the importance in defining the impedimetric profile
of the PEDOT:PSS film growth for each type of electropolym-
erization and for each type of supporting electrode to yield a
stable and an efficient coating. Based on presented kinetics of
the PEDOT:PSS growth, future studies should focus on the
development of molecular dynamics models describing mixed
conduction mechanisms in electropolymerized conducting pol-
ymers in correlation to their electrochemical properties.

4. Experimental Section

Material:  3,4-Ethylenedioxythiophene (EDOT) and poly(sodium
4-styrenesulfonate) (NaPSS) were purchased from Sigma Aldrich.
Carbon-P 2.85 mm diameter filament and gold 0.125 mm diameter
wire with polyester insulation were provided by RS component and
Goodfellow companies, respectively. Kapton sheets of the 0.125 mm
thickness were obtained from Addevmatrial Company. All other
chemicals were used as received from Sigma Aldrich.

Electrodes: Three types of electrodes were used as a starting surface
for electrodeposition. First, carbon filaments were extruded in a 3D
printer (Ultimaker 3) to produce carbon wires (U-C) of 0.4 mm diameter.
They were cut in 2 cm length and cold soldered to the connecting pins.
The process was followed by the deposition of 2 um thick Parylene-C
(CSC deposition system PDS-2010) insulator in the presence of a silane
adhesion promoter. The electrodes tips were gently wet polished on
2000 silicon paper at 50 rpm using Strure Labopol-5polisher to open
the electrodes sites. Second, gold wires (Uu-Au) of 0.125 mm diameter
insulated by polyester were cut in 2 cm length, washed with isopropanol
and the tips were polished with the procedure mentioned above. The
third type of electrodes is macro gold electrodes (m-Au). Kapton film
was soaked in 1% soap cleaning solution and put in an ultrasonic
bath for 15 min, rinsed with isopropanol and dried with nitrogen gas.
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The cleaned Kapton was treated with O, plasma (Oxford Instruments,
Plasmalab 80+) and coated with a 10 nm chromium as adhesion layer
and 200 nm gold in a metal evaporator (Boc Edwards, auto 500). Macro
electrodes (m-Au) of T cm diameter were cut by LPKF, ProtoLaser S laser
and rinsed with isopropanol and deionized water.

Electropolymerization: Aqueous solutions of 0.01 m EDOT and
0.1 m NaPSS were prepared under vigorous stirring and purged with
nitrogen gas. The electrodeposition took place in a three-electrode
cell setup using Metrohm Autolab B.V. potentiostat/galvanostat under
potentiostatic (using 1.1 V), galvanostatic (using 0.5 mA cm™?), and
cyclic voltammetry technique (=0.6 to 1.1 V with 50 mV s scan rate) as
described in the following literature."3 The applied current and voltage
were set versus the Ag/AgCl reference electrode and a large platinum
electrode, used as the counter electrode. Three types of electrodes were
used as working electrodes that are presented above.

Electrochemical ~ Impedance  Spectroscopy: ~ The  impedance
measurements were performed in PBS solution in a three-electrode cell
setup (Metrohm Autolab B.V.). Platinum wire and Ag/AgCl electrodes
were used as the counter and reference electrodes, respectively. The
impedance of the three different types PEDOT:PSS-coated electrodes
was measured under the constant voltage of 0.01 V versus the reference
electrode with sinusoidal waveform between 1 Hz and 10 kHz. Equivalent
circuits were modeled on Nova 1.2 software (Metrohm Autolab B.V.).

Cyclic Voltammetry Evaluations: The CV technique is used to evaluate
electrochemical stability of PEDOT:PSS coating. Electrodes which were
electrodeposited with PEDOT:PSS undergo 400 cycles of CV scans
sweep between —0.9 and +0.6 V with 0.5 V s™' scan rate in PBS solution
in a three-electrode cell setup.?l The capacitance of the electrodes
upon coating with PEDOT:PSS was also measured via the CV technique.
Ten CV scans were applied in the voltage ranging from —0.9 to 0.6 V at
various scan rates from 0.1to 1V s™'. The double-layer capacitance was
measured as the slope of current density versus scan rate and modeled
with a linear fit.

PEDOT:PSS/PVA Film Preparation: A 100 pL of 10% (W/W) water
solution of PVA was drop casted on the m-Au electrode coated with
PEDOT:PSS. The electrode was then dried at room temperature
overnight. The PEDOT:PSS film with PVA supporting layer was gently
peeled off from the m-Au electrode by applying a small strength at the
surface with a tweezer.

Adhesion Force Measurement: To measure the adhesion of the
PEDOT:PSS film on m-Au electrodes, the peel-off test was performed.
Nylon fiber was placed on the samples followed by PVA (10% W/W)
drop casting. Then, the nylon fiber was pulled off from the samples with
Instron tensile tester machine (Model: 3365) with the speed of 2 mm
min~' until the PEDOT:PSS film was detached. The force measured was
reported as the adhesion force. This value was measured around 300 £
100 mN for different samples.

Four-Point Probe Measurement: Four-point probe (Keithley 2612A)
was used to measure the sheet’s resistivity and calculate electrical
conductivity of PEDOT:PSS from the PEDOT:PSS/PVA film. A current
between 0.1 and 1 mA with 0.1 steps was applied through one pair
of electrodes and the voltage was recorded using another pair. The
resistivity was calculated based on Ohm'’s law. Since the thickness of
the film is considerably smaller than its surface area, the sheet resistivity
was obtained according to Equation (3)

Vr
Rsheet :T n2 (3)
where R is the electrical resistivity (Q2), V is the voltage (V), I is the
current (A), and t is the thickness of the film (cm). The resulting
conductivity of the PEDOT:PSS film was obtained from Equation (4) and

inScm™.

S=— 1 )

Rsheert

UV-Vis Spectroscopy: The transmittance spectrum of PEDOT:PSS
on the PVA supporting layer was measured with the UV-vis
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spectrophotometer (Shimadzu UV-2600). The film was fixed in the
sample holder and the spectra were obtained between 200 and 1400 nm.

FTIR Spectroscopy: ATR mode was used to measure the FTIR spectrum
of PEDOT:PSS/PVA film with Shimadzu IRAFFINITY-1S. It allows the
direct measurement of the infrared transmission spectra of films.

Raman Spectroscopy: The spectra of PEDOT:PSS on m-Au electrodes
were measured using the Horiba Jobin-Yvon machine (Model:
LabRAM-HR) with 785 nm laser excitation. Peaks were found using
Gaussian fit.

Scanning Electron Microscopy: The secondary electron detector (SE)
and EDX sensor were used to investigate the electrode’s structure
before and after coating with PEDOT:PSS using Carl Zeiss Ultra55. All
images were taken at 5 kV voltage. The thickness of PEDOT:PSS film
on PVA was measured while samples were tilted at 90° position from
the cross-section images. These measurements were performed on the
synthesized film with potentiostatic technique at 5-200 s deposition
times.
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Supporting Information is available from the Wiley Online Library or
from the author.
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