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Advancing Bipolar Electrochemistry for Targeted
Deposition of Biocompatible Polymers in Electrolyte-Free
Solutions via Finite Element Modeling

Michal Wagner,* Aine Brady,” Oisin F. Doyle,” and Robert J. Forster* "

The spatially controlled, template-free, deposition of electro-
active and biocompatible materials on 3D objects is of great
interest for wireless cell stimulation intended for diverse
applications ranging from electroceuticals to advanced sensor
development. Bipolar electrochemistry provides the possibility
of depositing electrically conducting polymers controlled
through the (shaped) electric field distribution. A second
advantage is that electrochemistry can be performed in electro-
lyte-free media potentially removing the “interfering” effect of
added electrolyte. Here, poly(3,4-ethylenedioxythiophene) (PE-
DOT) films have been deposited on bipolar electrodes directly
in ultrapure water. Significantly, the deposition patterns cannot
be fully explained using a linear change in the solution-phase

Introduction

Electrical stimulation of biological cells is an ever-increasing
approach in applied medicine™ and mechanistic studies,”” since
it can effectively influence the intracellular environment and
signal transduction pathways® in a non-destructive manner.
Electrostimulation devices can greatly benefit from implement-
ing wireless approaches where no physical contact is needed
between stimulus electrodes and driver circuits, thus further
extending their adaptability for specific in vivo applications.
Among prospective approaches, bipolar electrochemistry offers
a versatile framework for minimally invasive, cost-effective, and
adaptable biological cell stimulation.” Bipolar electrochemical
systems typically consist of two working ‘feeder’ electrodes
(FEs) immersed in the desired medium and spaced with the
third ‘floating’ bipolar electrode (BPE).”! The latter electrode is
subjected to polarization without direct electronic contact via
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potential, which is a common assumption for bipolar electro-
chemical systems. 3D finite element modeling and diffusive
mass transport considerations have been combined to map the
electric field distribution in this very low conductivity medium
and demonstrate that homogenous rather than heterogeneous
electron transfer is likely to play an important role in polymer
deposition. Moreover, modeling predictions were compared to
electrochemical impedance and cyclic voltammetry results and
non-linear behaviours qualitatively matched, through film
capacitances, and deposition patterns. The proposed framework
opens up significant opportunities for the template-free deposi-
tion of various electroactive materials on bipolar electrodes in
low-conductivity solutions.

an electric field generated by FEs. In biological studies, it is
preferential to interface cell cultures and BPE with biocompat-
ible materials while the electroactivity of the interlayer is
preserved. Electrically conducting polymers are a group of
materials that can provide this dual function™ Moreover,
electronic and ion-to-electron transduction properties of con-
ducting polymers can be altered to enhance electrochemical
“communication” between cells and BPE.”" Conducting poly-
mers such as sulfonated polyaniline along with more common
polypyrrole and poly(3,4-ethylenedioxythiophene) (PEDOT) are
extensively applied in biomedical settings.®® Importantly, listed
here polymers can readily be made by anodic electropolymeri-
zation, thus opening possibilities for deposition on various
conducting 2D and 3D objects whose shape can trigger certain
cell culture responses such as proliferation, adhesion, and
differentiation."”

Since the electric field distribution is mainly controlled by
the geometry of the system,'” the electrochemical deposition
of conducting polymers can be confined to a specific region of
BPE. For planar BPE centered midway between FEs, the electric
field distribution typically results in a gradual change in solution
overpotentials along the surface of BPE, with anodic and
cathodic polarization of opposing BPE sides."" Therefore,
anodic polymerization of conducting polymers in such a system
results in asymmetric deposition patterns and regions of
preferential deposition. Exemplary controlled patterning of
conducting polymers with submillimeter precision via bipolar
electrochemistry has been achieved,"? as well as the fabrication
of conducting polymer wires driven by dendritic growth in
bipolar systems,"*'¥ all being promising for bioelectronic
applications. In order to gain control over the asymmetric

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH


http://orcid.org/0000-0001-8127-8853
http://orcid.org/0009-0006-4178-9679
http://orcid.org/0009-0000-3856-4627
http://orcid.org/0000-0001-5079-3123
https://doi.org/10.1002/celc.202400506
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcelc.202400506&domain=pdf&date_stamp=2025-02-17

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemElectroChem doi.org/10.1002/celc.202400506

deposition of conducting polymers, i.e., to ultimately develop a
template-free approach to the spatially controlled electro-
deposition, () mass transport and interfacial kinetics, as well as
(Il) the relation of the BPE system geometry with electric field
theory, need to be well understood. Significant efforts have
been undertaken toward modeling the electrode-electrolyte
solution interface in bipolar electrochemical systems, such as
faradaic (de)polarization,">'® charging-discharging dynamics
and kinetics,!'”"® as well as generalized algorithms for solving
potential and current distributions."” Importantly, the local
distribution of various electrochemical quantities can be
modeled with the finite element method (FEM).®® This
technique was successfully applied to map potential distribu-
tions in proximity to BPE surfaces and confirmed by exper-
imental potential measurements.”"*? However, these investiga-
tions have been focused on electrochemical systems with
relatively high ionic strengths where ions are freely available.

In this work, we explore the electrochemical synthesis and
deposition of the PEDOT process in bipolar systems in the
absence of deliberately added electrolyte, i.e., where the
solution only contains ultrapure water and the monomer. This
strategy seeks to address one of the main disadvantages of
electrochemistry compared to spectroscopy, i.e., that the
sample must be “contaminated” with supporting electrolyte.
Specifically, in the case of the deposition of conducting
polymers, it opens up the possibility of creating novel under-
doped materials and could provide deep insights into the
relative importance of ionic vs. electronic conductivity in these
systems. Moreover, for wirefree electroceuticals purely aqueous,
electrolyte-free media can minimize aggregation of proteins,?”
as well as kosmo- and chaotropic effects.” Encapsulation of
function-specific proteins in conducting polymer matrix is
highly attractive for understanding and controlling electro-
chemical communication with biological cells. Thus, a thorough
understanding of the potential distribution and the factors that
control the synthesis and deposition of electroactive materials
in high-resistance solutions is needed. Ultralow ion concen-
trations are expected to significantly influence the potential
distribution at the electrode-solution interface.”” Therefore, we
conducted a systematic 3D FEM modeling of both potential and
potential gradient distributions in bipolar systems and sub-
sequently estimated limitations for diffusive mass transport
important for experimental PEDOT deposition on BPEs in
ultrapure water. The experimentally observed PEDOT film
deposition patterns are in excellent qualitative agreement with
the modeling predictions and cannot be fully explained using
conventional approaches describing bipolar electrochemistry in
the presence of electrolyte. We believe that our modeling
approach represents a significant opportunity to a priori predict
the complex potential distributions that can occur in bipolar
systems allowing, for example, different regions of a 3D cell
culture array to receive different electrical, electrochemical and
chemical stimuli simultaneously.
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Methods
Modeling

Three different lengths (1.4, 2, and 2.6 cm) of BPE samples were
chosen for FEM simulations, referred to in this work as 1.4 cm
BPE, 2 cm BPE, and 2.6 cm BPE, respectively. Each BPE is 1 cm
in width and 0.23 cm in height consisting of a glass slide coated
with a 550 nm thick fluorine-doped tin oxide (FTO) layer,
Figure 1. In the model, the FTO-coated glass BPEs are placed
between two titanium FEs (WET and WE2) spaced by 3 cm and
with the following dimensions: length=0.2 cm, width=1.2 cm,
and height =2 cm. The electrical conductivities (o) of FEs,*® the
medium, glass body,”” and FTO are set to 2.38x10°% 5.5x10°°,
1x107", and 2.6x10°S m~', respectively. Significantly, these
values reflect the very large differences in conductivity of the
electrodes compared to the medium which has profound
implications for the potential distribution and current flow
pathways. Both BPEs and FEs were placed within a continuous
medium (length=9.4 cm, width=7.2 cm, height=8 cm) whose
outer surfaces represent a Dirichlet boundary of 0V. The same
boundary type was applied to the surfaces of FEs which were
‘electrified’ by +5, 10, 15, and 20V, in order to create the
desired electric field (E) in the studied systems. Additionally, the
system where the BPE is absent is referred to as 0 cm BPE and
was also analyzed with the same set of potentials to gain
insights into the impact of the presence of the BPE on potential
and electric field distributions. The BPEs are positioned with a
central axis located at the interface between the FTO layer and
the medium. 3D models were built using FreeCAD 0.21.1 and
meshed in Salomé 9.12.0 with ‘NETGEN 1D-2D-3D’ algorithm.
For all FEM simulations, Elmer solver® was used and data were
visualized using ParaView 5.11.2 software. The electric potential
(p) and the modulus of potential gradient (j¢| = V) were
calculated utilizing Elmer’s static current conduction and flux
computation modules, through the following Poisson’s equa-
tion describing the total charge density (p) based on the

—_— Boundary conditions (BCs)
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Medium ~5.5x10¢Sm \\\ Medium outer BC =0V
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Figure 1. The schematic of studied BPE systems used for FEM simulations.
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electric field relationships with current density U = oF) and
potential gradient (F = —Vo):

-V .-oVe = p, (1

Empirical Verification

FTO glass slides with 550 nm coating having a sheet resistance
of ~7Q sq~' were obtained from Sigma-Aldrich and cut into
dimensions equivalent to 1.4 cm BPE, 2 cm BPE, and 2.6 cm
BPE modeled samples. Before polymer deposition, the samples
were ultrasonicated in isopropyl alcohol for 10 min and dried
with nitrogen gas. The chemicals 3,4-ethylenedioxythiophene
(EDOT, 97%) and lithium perchlorate (>95%) were obtained
from Sigma-Aldrich and used as received. All aqueous solutions
were prepared with freshly deionized water (18.2 MQcm
resistivity) obtained with the Mili-Q ultrapure water system. For
electrochemical polymerization of PEDOT via the bipolar
approach, two polished titanium feeder electrodes, FEs, with
dimensions similar to modeled electrodes were inserted into in-
house 3D printed cells made of acrylonitrile butadiene styrene.
The Ti FEs were separated by 3 cm and BPE samples were
placed midway between the two FEs marking the center of the
bipolar system. In each 10-minute deposition run, 3 mL of
10 mM EDOT (aq) was used, and potential difference (Ag,,,) of
10, 20, 30, and 40V were applied across the FEs using DC
laboratory power supply (max. 200V, EA-PS 5200-02A, Elektro-
Automatik). After deposition, PEDOT films were rinsed with
ultrapure water to remove any residual monomer and left to
dry at ambient conditions. Subsequently, the PEDOT/FTO
samples acted as working electrodes (WEs) in conventional 3-
electrode cells for cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) experiments (utilizing Metrohm
Autolab PGSTAT204 potentiostat/galvanostat controlled by
Nova 2.1 software). These measurements were carried out in
0.1 M LiClO, (aq) to obtain film capacitance (C) and Warburg
admittance (Y,) values. WEs were masked using Teflon tape so
that a 1 cm? area was analyzed (vide Figure S1c). A platinum
wire coil and a Ag/AgCl (1 M KCl) acted as counter electrode
(CE) and reference electrode (RE), respectively. All samples were
cycled from —0.1 to +0.5 V at 5, 10, 20, 50, and 100 mV s™' scan
rates, i.e., they were doped with perchlorate anions. Before and
after CV studies, potentiostatic EIS measurements were con-
ducted within the 100k-0.1 Hz frequency range (61 data points
per one measurement) at 10 mV excitation amplitude and a
fixed potential of 0.2 V. The latter potential was selected for C;
estimations for both CV and EIS since it represents a clear
current plateau region where the PEDOT film response is
dominated by capacitance (vide Figure S1a). In the case of EIS,
obtained impedance spectra were fitted to the following
equation (Randles circuit in series with Cp):

1 -1 1
Ro + W.(1 —f)/ﬁ) e @)

Z(a)) = RS + (ja)Cd, +
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where, ® is angular frequency, Rs is solution resistance, Cy is
double-layer capacitance, R is charge transfer resistance, and
Y, (1/W() is the magnitude of admittance (in S s°°) of the
Warburg element. For C; estimation from CV, both anodic and
cathodic currents were considered and plotted against the
applied scan rate values, followed by linear regression to obtain
slopes of the fitting lines (ie. Cp). Triplicates for PEDOT
deposition on each BPE (1.4, 2, and 2.6 cm) were independently
fabricated and subjected to CV and EIS analysis. All experiments
were performed at room temperature (21.5+1.5°C).

Results and Discussion

First, the experimental deposition of PEDOT using bipolar
electrochemistry in the absence of deliberately added electro-
lyte is considered. In the conventional model, the potential
induced in the BPE by the electric field is expected to decay
linearly across electrode length. This distribution gives the
largest potential at the BPE edges closest to the FEs and the
linear decay would be expected to give a film thickness that
decreases uniformly towards the center of the BPE if electro-
deposition is controlled by overpotential dependent heteroge-
neous electron transfer, resulting in “wedge” shape films.
Figure 2a shows that the wireless electrodeposition of PEDOT
on FTO glass BPEs in ultrapure water was successful for all the
applied voltages and selected electrode lengths. The presence
of PEDOT films was confirmed by comparative CV and EIS
experiments with PEDOT made in a standard 3-electrode system
(vide Figure S1). As can be seen from Figure 2a some aspects
predicted by the linear decay model are present, e.g., the film is
thickest at the edges and becomes thinner towards the center
of the BPE. However, the film is significantly more structured
than expected, since preferential deposition occurs at all the
edges within the anodic region of BPE. Similar intensity
distribution maps were obtained via electrochemiluminescence
(ECL) imaging of luminol in bipolar systems,® while more
uniform patterns were observed for fluorescence monitoring of
“microfluidic” BPEs at very high field strengths (around 200 kV
m™").2% However, optical assessments alone are not sufficient
for the characterization of the material deposition process.
Importantly, electrodeposited PEDOT films on BPEs were
subjected to both CV and EIS techniques to obtain C; values
which is a useful measure of the quantity of PEDOT deposited.
Capacitance values were obtained by calculating slopes of the
fitting lines for both anodic and cathodic currents vs. applied
scan rate, as well as applying the Randles-based equivalent
circuit model (vide Equation2) to impedance spectra. The
summary of this analysis is presented in Figure S2, while refined
C; vs. AQ,,, plots are shown in Figure 2b. The capacitance is
expected to increase proportionally to the amount of the
material deposited which, if potential-dependent heterogene-
ous electron transfer is rate determining step, should depend
on the voltage applied to FEs. However, for the 1.4 cm BPE
sample, the obtained profile does not follow the expected
linear dependence, while the 2 cm BPE and 2.6 cm BPE samples
exhibit unexpectedly similar capacitance characteristics. Addi-
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Figure 2. Photographs of exemplary PEDOT samples deposited on FTO glass (a). Estimated PEDOT film capacitance (Cy) values from CV (b) and admittance (Y,)

from Equation 2 (c) as a function of applied voltage (3 replicas).

tionally, the approximation of the general trends in mass
diffusivity in the studied PEDOT films can be derived from the
analysis of the magnitude of admittance (Y,) characteristic for
the Warburg element, Figure 2c. For an electrochemical system,
this electrical quantity can be related to the diffusional time
constant and thus to the diffusion coefficient.®" Since the
deposition of PEDOT on BPEs results in films with significant
thickness inhomogeneity, the Y, values represent average
quantities across the film. The Y, vs. Ag,,, profiles for 2 cm BPE
and 2.6 cm BPE samples exhibit relatively high levels of non-
linearity and are similar to capacitance profiles shown in
Figure 2b when taking into account variability in the dataset.

In the frequently used approximation of polarization of
conducting BPE due to applied voltage (2g,,)>" the
magnitude of the combined solution overpotentials (anodic
and cathodic, A@gee) changes linearly with Ag,,, according to
the proportionality factor in the form of BPE length/cell length
ratio. The floating potential of BPE (pgp) reside within A@gpe
bounds and reflect the equilibrium state. On the other hand, at
a microscopic level, the effective capacitance of the Stern layer
plays a significant role in the potential and charge distributions
at the BPE-solution interface."” The potential drop across the
Stern layer at the reaction plane is connected with local electric
field strength.®>*® Therefore, for a reaction to occur via electron
tunneling, the interfacial potential difference between BPE and
solution (pg: — @) needs to be adequately significant in the
proximity of the Stern layer. The kinetics of a reaction can be
then described within the Frumkin-Butler-Volmer theory®” and
the resultant Faradaic current linked with local surface charge

ChemElectroChem 2025, 12, 202400506 (4 of 11)

dependent on both Stern layer thickness and g — o
magnitude. For the electrochemical deposition of PEDOT on
BPE in ultrapure water very large Debye lengths are expected
(>30 nm). Hence, the surface charge density and resultant
polarization of BPE seem to be not sufficient for electron
transfer to occur directly at the BPE/solution interface. More-
over, the significant drop of around 1V (for Ag,,,=10V) in
solution potential near BPE edges measured above 100 and
300 um corroding stainless steel surface® suggests rather low
solution potential values at the length scale of the electric
double layer.

It is therefore apparent that a theoretical analysis of induced
electric fields in bipolar electrochemical systems with significant
differences in conductivity between the BPE material and the
surrounding solution phase is required. Multiphysics simulations
of electrodynamics on 3D objects can be performed utilizing
the FEM technique addressing geometry/boundary constraints
and material conductivities. Overall, four 3D models of bipolar
systems were built representing 1.4 cm BPE, 2 cm BPE, and
2.6 cm BPE samples including a “reference” system where no
BPE is present, referred to as 0 cm BPE. In the model schematic
presented in Figure 1, both FEs were equidistant to the outer
boundary by 3 cm. This choice of geometry enabled the
unimpeded development of the electric field in the opposite
direction to the BPE, since the focus of the work was to study
and quantify the interaction of BPE with FEs and thus resultant
PEDOT film formation mechanism without the interference of
other structural components. Moreover, the potential on the
outer boundary was fixed at OV to provide conditions
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resembling electric continuity extending to infinity. Since the
total charge density is proportional to the potential gradient via
the electric conductivity of a specific medium (vide Equation 1),
the distribution of electrical quantities is clearly governed by
the composition and geometry of both the model and actual
BPE systems.

Typical @ and ¢l distributions within both the medium and
BPE are shown in Figure 3b. The presence of the BPE results in
significant changes in the potential distribution associated with
the non-zero gradual asymmetric distribution of electric field
within the underlying glass and near the surface of FTO,
Figure S3. The FTO is only approximately one order of
magnitude less conducting than the Ti FEs, therefore effectively
no net electric field is expected within the FTO layer. This
results in =0 (in respect to infinity) directly along the FTO/
medium interface in contrast to non-zero and near linear
potential profile in 0 cm BPE case, Figure 3c. Consequently, as
shown in Figure 3d, two major features in the Il vs. x plots can
be observed, one present near the edge of BPE and the second
one in close proximity to the surface of the feeder electrode.
The insert in Figure 3d shows that, the latter feature is also
observed in 0 cm BPE model samples. As the BPE length is
increased, these two features merge as the BPE and FE become
closer to one another resulting in higher absolute field
strengths in this increasingly narrow gap, Figures S4a and b.
These features in the Il vs. x plots can be further investigated
by analyzing the vector components of the potential gradient.
When no BPE is present (Figure S4c) only the negative values in
the x-direction contribute to the overall gradient being a
consequence of the relatively homogeneous distribution of the
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current flow except the edges of FEs. In the exemplary case of
the 1.4 cm BPE model sample (Figure S4d), the significantly
conducting surface of FTO becomes the major current pathway
resulting in inhomogeneous current distribution within an
overall system, especially at the corners of BPE. Therefore, the
dominant contribution in the x-direction with a negative
gradient exhibits two features in I¢l vs. x plots governed by the
distance between BPE and FE edges. This predicted behavior
closely mirrors the experimental observations shown in Fig-
ure 23, i.e., enhanced PEDOT deposition close to the edges of
the BPE. At the BPE edges, both positive and negative gradients
in the z-direction are found with ¢, minimum at BPE surface in
anodic (¢ <0) and ¢, maximum in cathodic (¢ >0) regions of
BPE. However, the specific pattern in Il is clearly dominated by
electric field vectors pointing in the x-direction. Consequently,
the equipotential BPE surface imposes increasingly positive
solution overpotentials (pgpe — @ >0) in the anodic region as
the distance in the z-direction from BPE increases.

In order to quantify the effect of the inclusion of BPE on the
whole FTO/medium interfacial area, I$l vs. x plots for all the
studied systems were subjected to integration. The resulting
potential values were plotted against the total applied voltage
divided by two, Figure 4a. For the 0 cm BPE model sample, the
calculated slopes of the fitting lines are close to unity
representing relatively high homogeneity in the electric field
distribution. In the case of BPE model samples, higher than
unity slopes were obtained (1.4 cm BPE=1.30, 2 cm BPE=1.52,
and 2.6 cm BPE =1.89). The increase as the BPE is moved closer
to the feeder electrode arises from decreasing homogeneity in
the electric field distribution in the system. Figure 4b shows the
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Figure 3. Exemplary ¢ (a) and 1¢l (b) distribution maps for 1.4 cm BPE, together with cross-sectional profiles for ¢ (c) and 1§l (d) at the center and surface of
BPE for different applied potentials. Inserts: corresponding ¢ (c) and Il (d) profiles taken in the absence of BPE.
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Figure 4. Integrated areas under I¢! vs. x curves (from BPE or cell center to
WE) as a function of half of the applied potential to calculate the slope (SL)
of the fitting lines (a). SL distribution for all studied samples at 0.001 m
intervals covering BPE and edges of WEs (b). Inserts: visual comparison of
integrated areas between 1.4 cm BPE and 0 cm BPE samples (a), and
schematic representation of BPE system geometry (b).

to 2.6 cm. In all cases, the 19l distribution exhibits slight irregular
features in proximity to the central axis. Previous FEM
investigations®>*® on inhomogeneous dielectric interfaces have
shown that various surface defects can have notable effect on
local electric fields. Different mesh sizes were tested for the
1.4 cm BPE model sample and demonstrated the importance of
having a sufficiently fine mesh to avoid mesh-related artifacts.
To quantify the rate of change of the electric field strength with
position, single exponential decays were fitted to the I¢l vs. x
profiles to give a distance-dependent field strength decay factor
that could be conveniently compared for different BPE lengths
and feeder voltages. The following equation was used:

f(x) = Aexp(Bx) 3)
where, A is 19l value at the BPE center (in V. m™") and B is the

rate factor (in m™"). Exemplary fitting (A =10V, y=0.000 m)
to Equation 3 is presented in Figure S5. Rate factors, B, of 595,

Figure 5. Exemplary I¢! distribution plots (Ag,,,= 10 V) at BPE surfaces in x and y directions (a). Field strength distributions on BPE surfaces (£ y) at different

applied potentials obtained from integration of Equation 4 (b).
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415, and 480 m~' were obtained for the 1.4, 2, and 2.6 cm long
BPEs, respectively. The obtained rates are independent of
applied voltage and likely reflect the “mid-range” position of
2 cm BPE among studied model samples in terms of its effect
on ¢ and I¢l distributions. To obtain “smooth” datasets of the
global distribution of field strengths, firstly, the calculated A
and B values were used to construct the following derivative of
Equation 3 for all considered systems:
f (x) = ABexp(Bx) (4)
where, AB is the initial value of the rate of change (in V m™?).
Representative distribution plots according to Equation 4 can
be seen in Figure S6b. Secondly, all of the BPE systems
expressed with Equation 4 were integrated with respect to x-
direction (vide insert in Figure 4b) to construct voltage-depend-
ent distribution plots of field strength, Figure 5b. Notably, the
resultant distribution patterns are visually consistent with actual
PEDOT/FTO samples (Figure 2a), thus predicting enhanced
PEDOT deposition at BPE edges and corners due to enhanced
electric field strengths and hence a greater driving force for
EDOT oxidation.

The theoretical limitation of the linear model discussed
earlier when no electrolyte is present, as well as relatively small
calculated solution potential values in close proximity to the
BPE surface (vide Figure S3), indicated a need for alternative
explanations of the obtained non-linearities in PEDOT deposi-
tion patterns. We therefore speculate that homogeneous
reactions driven by the significant potential difference between

0.035

the BPE and solution, along with subsequent diffusive mass
transport of the products play a dominant role. To determine
the region where the potential is sufficient to oxidize EDOT in
the vicinity of the BPE, both ¢ and ¢l values were calculated for
different heights above the BPE for distances, Az, up to
1x1072 m and the results obtained are shown in Figures 6a and
b. The potential range values increase significantly (approx-
imately proportionally) with increasing distance in the direction
perpendicular to the BPE surface, while 1ol profiles and their
ranges of magnitude remain the same up to Az=1x10"*m.
Predictably, ¢ maximizes at the BPE edges, with the highest
values being observed for the 2.6 cm BPE followed by 2 cm
BPE and 1.4 cm BPE model samples. As can be seen from
Figure 5¢, the vector field lines are evenly distributed along the
BPE surface with the most intensity in proximity to the BPE
edge (vide overlaid color map). Since J = oE, the presented field
lines reflect all possible current pathways in the system. Due to
the significant difference between the electrical conductivity of
the FTO layer and medium (~10'° ratio), the majority of the
current passes through the FTO layer. On the other hand,
notable current flow occurs in solution at the corners/edges
and through the edge facing the feeder electrode.

In the simplified oxidative PEDOT polymerization process,
the initiation reaction is a radical cation formation (EDOT—
EDOT**) followed by radical-radical coupling (EDOT**+ EDOT*
*—2EDOT). The polymerization continues with the oxidation of
dimer/oligomers occurring at successively lower oxidation
potential, i.e., the effective driving force increases as polymer-
ization proceeds. At a certain chain length, the product

(a) —— 1.4 cm BPE 020/~ 1.4 cm BPE 20/~ 1.4 cmBPE
0.030{ ——2 cm BPE 2cm BPE ——2cmBPE
——2.6 cm BPE ——2.6 cm BPE ——2.6cm BPE
0.025
5 0.15 4 1.5 3
s o020 Az=1x10"m s Az =1x10"m s Az=1x10"m
¢ oo1s] < 0.104 s 40
0.010
005 0.5
0.005
000 ; : : : : : 0.00 " " - " 0.0 .
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——2.6cmBPE ——2.6 cm BPE 14001 —— 2.6 cm BPE
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e Az=1x10°m E Az=1x10"*m E o] AZ=1x10°m
2. 1500 2. 1500 =,
= = s 809
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0 : r r - 0 ; - " " r - 0 :
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014
x [m] x [m] x [m]
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| i l: (AV
1
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Figure 6. Representative ¢ (a) and I¢! (b) profiles (Ag,,, = 10 V) at the center of BPE for three different distances along the z-axis (Az). Potential gradient map
of studied systems with indicated vector field lines and unscaled marking (black lines) of the region near BPE considered in mass transport of EDOT entities

(c). Schematic representation of the hypothetical volume of oxidized EDOT (V,,) above BPE, together with the profile of deposited film with marked average
film thickness (l) and total mass (my) characteristics (d).
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becomes insoluble in the medium and thus deposits on the
electrode surface. Due to the significant complexity of the
electrochemical polymerization of conducting polymers, at this
stage of research, we consider only the initial steps, as well as
exclude dynamic changes in solution conductivities originating
from generated and/or reacted hydronium ions. Independent
experiments in a conventional 3-electrode system indicate that
the oxidation potential of EDOT is approximately 0.8 V.
Therefore, this value was set as a threshold limit to estimate the
fraction of oxidized EDOT molecules within the relevant vicinity
of BPE. Firstly, the maximum thickness of the layer of solution in
which 2EDOT can be oxidized within the experimental time is
calculated assuming diffusion control. The diffusion coefficient
(D) for 2EDOT was estimated to be approximately
4.34x107"° m*s~'. The diffusion length (ly) was calculated using
I, ~ /Dt. For a deposition time, t, of 10 min, Iy is 5.1x107* m.
Therefore, the considered volume of the medium above BPE
and the hypothetical ‘volume’ of oxidized EDOT (V,,) were
limited by 5.1x10™* m in the x-direction and 5x10™* m in the z-
direction, Figure 6c. The latter limitation was selected to
accommodate six vertical intervals for calculations of (Ax)(z)
surface areas (vide Figure S7a). Herein, the Ax notation
represents a fraction of oxidized EDOT along the x-axis above
0.8V in ¢ vs. x plots. For each vertical interval, two fractions
were considered totaling Ax: at the plane of BPE (2x;) and
beyond the BPE edge (AXx,). For V,, calculations two integrations
were conducted along the x, y, and z dimensions, Figures S7
and S8. Resultant V,, values were used to estimate the average
film thickness (I) and mass of deposited film (m), Figures 7a

(a) = 1.4cmBPE
20x10°4 ® 2cmBPE 526x107 gV u
= 2.6 cmBPE
1.5x10°% - ;r
5 7 3.17x107 g V!
- -’
E 1.0x10° P :
- >
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5.0x10° 4 e -
AT e 233107 g v
- 4’.’7 - :
0.0 e . . . . ;
0 5 10 15 20 25 30 35 40
AQqpp V]
(C) 1.5x102
= 1.4cmBPE )
= 2cmBPE 357x104F o
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g 215x104F __
> -
g .
nl ~
5.0x10° 1 el o
e m )
o T 158104 F
. ,'.7/ -
00 +— = . . . . :
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and b. The analysis of the plots used for the first integration
step in V,, estimations reveals an interesting rationale for the
non-linear deposition profile (vide Figure 2b) obtained for the
1.4 cm BPE samples. As can be seen from Figure S7b, at A@,,,=
10 V the oxidized fraction of EDOT expressed as AX = AX; 4+ AX,,
is only above zero for y=0.003, 0.004, and 0.005 m. Moreover,
in those cases, the Ax, contribution is significant in sharp
contrast to 2cm BPE and 2.6 cm BPE model samples,
Figures S7 ¢ and d. For 1.4 cm BPE, non-zero Ax fractions for all
y values are only obtained when Ag,,,>20 V.

Importantly, the calculated V,, values can be used for both
m; and I; estimations, Figure 6d. All of the resultant m; vs. Ag,,,
plots (vide Figure 7a) are linear, displaying increasing slope
values with increasing lengths of BPE (1.4 cm BPE=2.33x10""g
V™', 2cm BPE=3.17x10"7g V', and 2.6 cm BPE=5.26x10""g
V™'). The corresponding I vs. A¢,,, plots can be constructed
assuming a PEDOT film density of 1gcm™, Figure 7b. The
obtained slope values (1.4cm BPE=3.32x10°m V', 2cm
BPE=3.17x10"°m V', and 2.6 cm BPE=4.05x10°m V)
indicate the proximity of average I values for 1.4 cm BPE and
2 cm BPE model samples. The average |; value obtained for a
2 cm BPE sample electrodeposited at Ag,,,=30V and 20 min is
around 1.54x107" m, Figure S9. Significantly, this value is very
close to the calculated I; for 2 cm BPE (i.e. 1.53x10°7 m) based
on 3.17x10° m V' slope and considered deposition time.

When assuming the theoretical specific charge of EDOT to
be 679 C g ' (for single electron transfer), film mass can be
converted to the charge stored in the film (Q,), Figure 7c. The
obtained Q, values were used for the calculation of hypo-

(b) = 1.4cmBPE .
15x1074 ® 2cmBPE 4.05x10° mV -
= 26cmBPE -
L m
1.0x107 .
= R =
- Pt
L L 3ATX10°0 m VT
-8 g pras ,'/
5.0x10 332100 m VT
. g
o
00—
0 5 10 15 20 25 30 35 40
A, [V]
(d) = 14cmBPE e
1909w 2cmBPE 255 .
= 26cmBPE
80 -
> 60+ 146 .
> .-
g g P
= -
40 -
a7 149
o’ R 2
,. -
20| -
o
0 5 10 15 20 25 30 35 40
A@qpp [V]

Figure 7. Calculated change in film mass based on V,, (a) and corresponding average film thickness (b) as a function of applied potential, together with
marked SL values. Hypothetical charge (Q,) values based on calculated total V,, (c) and conceptual “volumetric voltage” (A¢V) obtained from integration of
plots in Figure 5b (d) as a function of applied potential, together with marked SL values.

ChemElectroChem 2025, 12, 202400506 (8 of 11)

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAEa.D 8|qeol|dde au Aq peusenob ae Saole YO @S JO S8 10j Aeiqi8UIUO A8]IAA UO (SUORIPUOD-PUB-SWLBI W0 A8 | IMAleIq Ul UO//:SANY) SUORIPUOD Pue Swie 1 8y} 89S *[920z/c0/y2] Uo AkidiT8ulluo A8IM ‘Y VO HOYY3S3Y H11vaH Ad 905004202 29/200T 0T/I0pw0d Ae |imAreiq 1 uljuoado.ne-Ans ueyoy/sdny wouy pepeojumod ‘9 ‘sloz ‘91209612



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemElectroChem doi.org/10.1002/celc.202400506

thetical film capacitances for studied BPE systems. The corre-
sponding voltage (Ag,) values were found from the integration
of the results presented in Figure 5b with respect to the y-axis.
The resultant Ay vs. A@,,, plots (vide Figure 7d) exhibit the
same trends as m; and thus Q, plots. As can be seen from
Figures 7c and d, the slope values in both cases are indeed
closely proportional. The exact physical interpretation of Agy is
an open question. This quantity is based on the consideration
of potential gradient distribution at the BPE/medium interface,
while film mass and charge quantities include consideration of
potential distribution at both the interface and the electrode
vicinity limited by diffusion. It can be speculated that Ag,
represents the area-dependent voltage at the BPE surface
exerted by an electric field controlled by the specific geometry
of the BPE system. The calculated Q,/Aq, ratios representing
hypothetical C; values as a function of applied voltages are
shown in Figure 8. The resultant profiles for all studied BPE
systems are in good agreement with deposition profiles
obtained via electrochemical measurements (vide Figure 6d).
The non-linear profile for the 1.4 cm BPE sample is reproduced,
as well as, to a notable extent the intertwined profiles for the
2 cm BPE and 2.6 BPE samples. Moreover, the model-derived
film capacitance profiles are also similar to calculated admit-
tance profiles that are related to diffusivity in the PEDOT films,
Figure 2c.

Due to the expected very large Debye lengths at BPE/
medium interfaces in high-resistance solutions, the nature of
BPE reactions deserves attention. i.e., because of the low ion
concentration, the Debye length may exceed the distance over
which it is reasonable to expect heterogeneous electron trans-
fer. On the other hand, the reactions at titanium FEs are rather
straightforward to identify. At the positively charged FE, the
growing TiO, layer occurs driven by a tandem of two anodic
reactions: (i) Ti%—Ti*" +4é and (i) Ti*" +2H,0—-TiO, +4H "8
Freshly polished titanium surfaces readily oxidize at ambient
conditions forming ca. 1.5 nm thick layers, and further anodic
oxidation results in significant TiO, growth in the order of tens
of nm.B? At negatively charged FE cathodic reduction of TiO, at

140
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Cs [uF]

—=— 1.4 cm BPE
—=— 2 cm BPE
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Figure 8. Hypothetical film capacitance (C) values based on Q,/(Ag,) ratios.
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acidic conditions proceeds as follows, TiO,+4H" +&—Ti** ) +
H,0."7 Listed here titanium FE reactions are confirmed by
consecutive observations and are important determinants for
dielectric properties of the medium in studied systems, yet their
temporal evolution does not affect effective FE potentials nor
electric field distribution in the vicinity of BPE. As can be seen
from Figure S10a, anodic passivation of Ti FEs in both
monomer-free and EDOT ultrapure water solutions during
bipolar experiments is apparent. The oxidation of the monomer
and subsequent PEDOT film formation is impeded by TiO, layer
development. The estimated pH values before and after PEDOT
deposition on BPEs are ca. 6, which implies a preference for
cathodic reduction of TiO, to Ti** cations at negative FE. Based
on utilized FE dimensions the estimated complete TiO, layer
disintegration with a hypothetical thickness of 1.5 nm would
result in only ~1.2x107°M extra titanium ions that could
contribute to overall ionic strength. Control studies of PEDOT
deposition at BPEs in a series of increasing electrolyte content
from 107° to 107" M NaClO, reveal that from 102 M, severe
corrosion at anodic FE occurs (vide Figure S10b) accompanied
by hydrogen gas generation at both cathodic FE and cathodic
extremity of BPE. As a result, overoxidized PEDOT films are
formed at the anodic part of BPEs even at relatively low applied
potentials, Figure S10c. Notably, no gas evolution was observed
at any electrode surface during experiments presented in
Figure 2a, as well as control experiments with NaClO, concen-
trations from 107° to 10°* M.

FEs taking part in bipolar experiments (10 mM EDOT in
ultrapure water solutions) with 2 cm BPE samples exposed to
30V for 40 min were subjected to EIS measurements to
estimate the specific capacitance of deposited PEDOT film,
Figure S10d. The obtained value of ca. 0.6 mFcm™ constitutes
only 10% of all PEDOT deposited since concurrent PEDOT film
on BPE in this system exhibits around 5 mFcm™ capacitance.
Therefore, indeed anodic passivation of positive FE significantly
inhibits PEDOT film formation on itself. Anodic oxidation of
EDOT on both positively charged FE and BPE surface starts with
the following reactions: (i) EDOT—EDOT** +& and (ii) EDOT** +
EDOT**—2EDOT +2H" etc. When the growing polymer chain
attains a certain length it loses solubility and deposits on the
electrode surface. Generated protons from dimerization steps
and already mentioned titanium ions from the cathodic
reduction of the oxide layer on negative FE contribute to
specific ionic characteristics of the bipolar electrochemical
system. In order to gain insight into apparent electrolytic
characteristics we measured the solution conductivities at
different polymerization times from 5 to 40 min for 2 cm BPE
samples in ultrapure water exposed to 30V with and without
10 mM EDOT, Figure S11. Recorded solution conductivity values
for different concentrations of EDOT in ultrapure water samples
are significant (vide Figure S11a), arriving at the value of ca. 8
puS cm™' for 10 mM concentration. As can be seen from
Figure S11b, which presents conductivity sensor calibration, the
maximal EDOT concentration in our systems roughly corre-
sponds to 10~* M equivalent of KCl in terms of conductivity.

Interestingly, it was observed that polymerization solution
conductivities decreases as electrodeposition proceeds which is
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in sharp contrast to the control study where the conductivity
increases when the BPE is polarized in monomer-free ultrapure
water samples, Figure ST11c. It can be speculated that in the
case of monomer-free samples, a slight and non-linear increase
in conductivity is predominantly related to a cathodic reduction
of the oxide layer at negative FE since the previously estimated
value of 1.2x107° M titanium ions roughly matches the “concen-
tration-conductivity” region of interest. Importantly, despite
proton generation at each dimerization step, there is a clear
linear decrease in conductivity with polymerization time likely
reflecting PEDOT formation kinetics. Results presented in Fig-
ure S11 suggest that the studied bipolar electrochemical
systems in this work are within the 10 to 107™*M range,
leading to very large Debye lengths between 90 to 30 nm. The
electron tunneling probability through the distance of ~1 nm of
the water layer yielding a 2 eV energy barrier is empirically
estimated”” to be around 6x10™° and consistent with the
Gamov tunneling equation.

Oxidation of EDOT via heterogeneous electron transfer at
BPE surfaces is evident at 107> M concentrations of supporting
electrolyte, in studies before”'® and also in this work. There-
fore, a significantly large interfacial potential difference is
created in close proximity to the Stern layer already at this
concentration level. We did not include charging conditions at
electrode boundaries in the FEM modeling but estimated the
hypothetical maximum polarization voltage (A¢gy) based on
the calculation of potential at BPE extremities induced by
increasing the conductivity of the medium. Those FEM simu-
lations were conducted on 1.4 cm BPE model sample with
medium conductivity values equivalent to KCl in the 107° to
10'M range with A@,,,=10, 20, and 40V, Figure9. It is
conspicuous that within the 107 to 10" M range the induced
polarization of ~10 to 360 mV at e.g. A¢,,,=40V is enough to
drive EDOT oxidation via heterogeneous electron transfer if the
effective capacitance of electric double layer and thus the local
surface charge of BPE are considered. On the other hand,

10°

—=— 10V o
—=—20V —
1074 =40V e
/:/
= 102 4 w
S . /
§ /I
S
< 1024 /

T T T
10° 10* 10 102 107
c[M]

Figure 9. Hypothetical maximum polarization voltage of the exemplary
1.4 cm BPE (A@gpg) calculated for different medium conductivities equivalent
to KCl concentrations in the 107°-10~"' M range.
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estimated 10 and 20-fold lower polarization potential values at
107 and 10™* M (in reference to polarization induced at 107 M)
suggest very low probability for electron tunneling, e.g., using
2 eV energy barrier.

Thus, in pure milli-Q water one would not expect significant
heterogeneous electron transfer to be possible based on the
Debye length and the voltage induced in the BPE, but a
relatively small increase in solution concentration, e.g., arising
for protons released during EDOT oxidation or dissolution or
titanium oxide at the feeder cathode. It appears that there is
significant scope for further investigations into electron transfer
dynamics when the electric double layer is underdeveloped
using wirefree methods that avoid iR drop effects, as well as
including scanning probe methods to measure the potential
drop when approaching the BPE surface.

Overall, the presented theoretical framework qualitatively
replicates observed non-linearities in film capacitance profiles
for the wirefree deposition of conducting polymers. The
successful prediction of deposition patterns for a highly
complex process of conducting polymer film formation con-
stitutes an important first step toward understanding bipolar
electrochemistry in high-resistance solutions. Significantly, the
modeled non-linear change in solution overpotentials imposed
by the equipotential surface of BPE combined with calculated
relatively low electric field strengths (<6kV m™") in close
proximity to the BPE-solution interface indicates that PEDOT
electrosynthesis is likely to involve homogeneous electron
transfer where the double layer is not well developed. In the
future, we plan to build a model that accounts for the influence
of growing PEDOT film layers on the physicochemistry of the
BPE-solution interface as well as radical cation transport and
acceleration due to the presence of the interfacial and feeder-
driven electric fields. Additionally, since a well-developed
electrical double layer is needed to screen the charge resulting
from BPE polarization induced by an electric field, new
theoretical considerations (aided with quantum and molecular
dynamics simulations) are needed to model various interfacial
electric field effects at suboptimal ion concentrations.

Conclusions

We have successfully fabricated electrically conducting polymer
PEDOT films in ultrapure water utilizing bipolar electrochemis-
try. Such deposition would not be possible in “traditional” 3-
electrode systems where the presence of a supporting electro-
lyte is needed. We demonstrated that the PEDOT deposition
profiles cannot be fully explained by commonly assumed linear
decay of the electric field through the solution driven by the
feeder voltages. Our FEM model provides a rationale for the
observed preferential deposition areas and provides deep
insights into mass transport and quantifies the volume of
solution above the BPE that could be available for deposition.
Importantly, we have been able to calculate both the hypo-
thetic film charge and BPE voltage that depends markedly on
the physical location on the BPE. Taken together, this model
successfully replicates the film capacitance profiles of studied
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PEDOT-BPE systems obtained experimentally. The proposed
alternative framework provides a valuable starting point for
understanding the electrochemical deposition process on BPEs
in high-resistance media. We envision further investigations
where polymer layers are modeled to target various charge
transfer and polarization effects on hetero- and homogeneous
reactions in dynamic bipolar systems with low ion content.

Supporting Information

The following auxiliary details can be found in the Supporting
Information document: electrochemical characterization of
PEDOT films deposited on BPEs, film capacitance values of
studied PEDOT-BPE systems via CV and EIS, exemplary potential
and potential gradient maps of studied BPE systems, plots of
various potential and potential gradient profiles in BPE systems,
exemplary fittings to exponential decay function for I¢l vs. x
plots, selected global potential gradient distributions at BPE-
solution interface, schematics and plots for diffusive mass
transport calculations, exemplary PEDOT film thickness estima-
tion deposited on BPE, data regarding feeder and bipolar
electrode reactions, and polymerization solutions conductivity
assessment.
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