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Correlation between Electrochemical Relaxations and
Morphologies of Conducting Polymer Dendrites
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Conducting Polymer Dendrites (CPD) can engrave sophisticated patterns of electrical interconnects in their morphology with low-
voltage spikes and few resources: they may unlock in operando manufacturing functionalities for electronics using metamorphism
conjointly with electron transport as part of the information processing. The relationship between structure and information
transport remains unclear and hinders the exploitation of the versatility of their morphologies to store and process electrodynamic
information. This study details the evolution of CPD's circuit parameters with their growth and shape. Through electrochemical
impedance spectroscopy, multiple distributions of relaxation times are evidenced and evolve specifically upon growth. Correlations
are established between dispersive capacitances of dendritic morphologies and growth duration, independently from exogenous
physical variables: distance, evaporation or aging. Deviation of the anomalous capacitance from the conventional Debye dielectric
relaxation can be programmed, as the growth controls the dispersion coefficient of the dendrite's constant-phase elements
relaxation. These results suggest that the fading-memory time window of pseudo-capacitive interconnects can practically be
conditioned using CPD morphogenesis as an in materio learning mechanism. This study confirms the perspective of using
electrochemistry for unconventional electronics, engraving information in the physics of conducting polymer objects, and storing
information in their morphology, accessible by impedance spectral analysis.

© 2024 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited.. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, https://creativecommons.org/
licenses/by/4.0/), which permits unrestricted reuse of the work in any medium, provided the original work is properly cited. [DOI:
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Manuscript submitted September 20, 2024; revised manuscript received November 4, 2024. Published December 18, 2024.

Consumer electronics was so disruptive in the last decades that
our lives are now greatly influenced by our relationship with
internet-of-things and artificial intelligence.'™ COVID pandemic
particularly showed that organizational schemes heavily rely on
electronics to promote remote activities, that its demand will keep
increasing, and that global economy strongly relies on its
manufacturing/retailing.”® Its production is highly centralized and
global, which generates lots of supply traffic and overcapacities to
prevent future shortages.”'° Its development is not strictly driven by
resources’ cost and sizes with the global demand.!' Therefore,
electronics’ environmental footprint is not optimized at all: (1)
Manufacturing is environmentally very expensive: circuits poorly
value biomass and use precious or rare metals in their highest
purity.'>™'* Pricings are not directly correlated with energetical cost
for manufacturing,'” material resources,'” nor water consumed by
production facilities.'® (2) Production is excessive and not persona-
lized: downscaling electronic technologies secured overproduction
over the years of highly standardized batches of devices with largely
oversized capability features (memory, processors and sensors) in
regards to practical uses.'’ " (3) Items life-cycle is too poor:
devices are frequently discarded when considered obsolete in regard
to newer released versions, or may be designed to diminish their
lifespan on purpose to encourage consumption.”' Recycling is often
more expensive than producing from raw materials*>~* Most of
these issues related to resource consumption and pollution in
electronics are to be correlated with the latency of production and
retailing circuits, the constant evolution of innovations and demands,
and the inability of electronic hardware to physically adapt to the
personal needs of individual end-users in an application. While
software can upgrade by itself with very minor impacts, conven-
tional electronics is not generative, transformative nor
transient.”'In nature, living organisms universally adapt to their
environment, multiply and evolve during their life and through many
generations. Sessile organisms, having no ability to move by
themselves, physically extend and branch out, scavenging natural
resources necessary for their development in their environment.*?
Roots, mycellia, lichens or corals grow on diverse substrates to adapt

“E-mail: sebastien.pecqueur @iemn.fr

their topology and self-optimize to metamorphic structures, resilient
to environmental variations.>*** Metamorphism is not intrinsic to
growth (organisms may adapt by orientating)*’, but those having the
ability to fabricate tissues and evolve are true demonstrations of the
existence of physical mechanisms enabling in operando hardware
fabrication from environmental resources, and can be seen as a
genuine expression of natural intelligence. The relationship between
topological plasticity and inference is also a characteristic of the
brain, which activates the fabrication of new synapses and dendrites
on specific areas depending on our behavior.**—#

If the brain functioning has often served as inspiration for revisiting
electronic architectures to achieve higher performances,®*™*' topolo-
gical materials compose very few technologies for unconventional
computing,**~*® despite their perspective to offer other solutions than
improved computation:*’~>’ For instance, electronic devices do not self-
repair, heal, multiply or compost in ambient. On the hypothesis that
metamorphic electronics could potentially diminish electronics’ envir-
onmental footprint by enabling these natural functionalities, one may
question how signal transport in a substrate material that carries both
electricity and matter could condition the information processing. As
mass-driven mechanisms like convection and diffusion are very distinct
from the electrostatic and electrodynamic principles governing charge
carrier transport in silicon, one may expect completely different
intrinsic processes in metamorphic junctions. Of a prior importance,
it is necessary to identify these processes limiting signal transport in a
physically evolving junction. In this study, the physical impact of
conducting polymer dendrites’ (CPD) morphogenesis is correlated to
the impedance between electrodes as a mechanism to program an
electrical system.

The CPD hold a tremendous potential in numerous applications,
including healthcare because of PEDOT:PSS biocompatibility,
consumer electronics as a way to save resources, neuromorphic
computing for the implementation of physical neural networks using
their inherent memory effects, and finally object identification
because of their unique morphologies®®. In the literature, CPD
have been generated at low electric-field from electrodynamic
monomers’ oxidation in electrolytes.’*~%® They adopt various shapes
according to the nature of an electric signal dissipated in an
electrolyte."* More specifically, it has been shown that CPD can
grow in water and that their morphology (number of branches and
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thickness) is the product of several characteristics of the growth
voltage, such as frequency, duty cycle and offset®°. The resulting
topology defines a specific conduction path for flowing electrons and
charging ions.”"* Made of organic mixed ionic-electronic con-
ductors (OMIEC),”%”" their behavior is more complex than
metals:”>"* carrying both electrons and ions, they behave as
electrochemical transistors, with the latency of charges varying for
different ions. In addition to the rich morphologies at different scales
and the involvement of particles in their growth,°®” a multi-
physical origin of mass transport is expected: this study investigates
on the link between transport and morphogenesis via electroche-
mical impedance spectroscopy (EIS).

Experimental

Materials and methods.—Chemicals were purchased from
Sigma Aldrich and have been used as such without further
purification. Sodium polystyrene sulfonate (NaPSS) was used as
an electrolyte at 1 mM concentration in deionized water. 3,4-
ethylenedioxythiophene (EDOT) was used as a monomer under-
going oxidative electropolymerization: it was introduced at 10 mM
prior solubilizing NaPSS as a surfactant. Parabenzoquinone was
used equimolar as a proton scavenger and as an oxidizing agent to
balance to electroneutrality upon electropolymerization. The growth
was performed freestanding in the electrolyte drop on 25 pum
diameter gold wires cut from a spool purchased from Goodfellow.
Every experiment uses freshly cut wires approximately 1 cm long.

The plastic container is custom-made in order to prevent evaporation
of volatile species in the electroactive solution, designed to hold 20
pL of solution during up to one hour in ambient in a single
experiment. A view of dendrites grown in standard conditions is
provided in Fig. 1b.

Impedance characterization.—EIS was performed using a
Solartron Analytical (Ametek) impedance analyzer in a 2-electrode
setup, either intermittently or when both dendrites reach the state
where the nearest distance between them is 40 pm (a picture of the
setup is shown in Fig. 1a).

Unless specified otherwise, the impedance spectra are obtained
using ten samples per decade over the frequency range of 1 MHz to
100 mHz with an AC magnitude of 10 mV,,,,. The DC bias is 0 V.
The sampling rate and wave amplitude were set to minimize artifacts
of voltage non-linearity and temporal drift. Except if mentioned
otherwise, the time indicators on each label for impedance measure-
ments define the total growth time of the CPD, rather than the
practical duration of an experiment, which is characteristic of CPD

aging.

Distribution of relaxation times.—The interpretation of the EIS
is often challenging, especially when the physical mechanisms are
complex and numerous. One way to help with the analysis is to use
the Distribution of Relaxation Times (DRT) method, a powerful tool
used on complex impedance data to separate and characterize the
relaxations in an electrochemical system’®. The DRT has been
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Fig 1. Experimental setup and determination of an equivalent circuit model a, Free-standing 2-electrode setup to generate conducting polymer dendrites.
Two micromanipulators are placed on the sides of the plastic container. Each supports one gold wire. The container is filled with 20 pL of solution. A camera
placed vertically above the container helps positioning the tips of the wires 240 pum distant from each other. It also helps monitoring the reaction while it is taking
place. b, Optical image of an incomplete dendritic connection. d designates the nearest distance between the tips of the dendrites while D is the distance between
the tips of the gold wires. ¢, A schematic of the wires at the centimeter scale. The electrolyte is coloured in gray, while the surface of the wires in contact with the
electrolyte is in purple. d, Zoomed-in representation of the tip of the wires, at the micrometer scale. The dendrites are drawn in blue, the surface corresponding to
the interface between polymer and electrolyte is shown in green. e, The proposed equivalent circuit containing a RC element to modelize the electrolyte's
contribution to the impedance and a variable number of ZARC elements to modelize the interfacial phenomena. Z;(w) is intentionally left as generic as possible
but Z; = R is considered for the fittings in this paper. f, Bode plots in magnitude and in phase of the uncoated wires in NaPSS only and in the full growth
electrolyte (EDOT + NaPSS + BQ). In solid blue, Bode plot of the dendritic interconnection immersed in the growth electrolyte. The pictures of the wires with
and without electrolyte are also shown. g, Distribution of Relaxation Times of the dendritic interconnection shown in Fig. 1f.
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applied in numerous areas, such as fuel cells,””"’® batteries,”"** and

sensors,®' providing insights into specific reactions, charge transfers,
and limiting processes in solution. The characteristics of the peaks—
such as width, height, x-coordinate, and symmetry—can give hints
about the duration, ideality, homogeneity of each process, and its
relative impact on the current.®? Unlike EIS fitting, the DRT does not
require a specific equivalent circuit model to fit the impedance data
to, as it is purely a transformation from the frequency to the time
domain, but assumes that the system can be approximated by an
infinite series of R|Q elements. The equation it is trying to solve is
given in Equation 1%,

y (@) dr

5 (11
1+ jor

Z(@) = R + R, f
0

where 7 is the relaxation time, w the angular frequency, R, the
polarization resistance, R.. the high-frequency resistance limit and ~y
the distribution of relaxation times. As it is an ill-posed inverse
problem, the smallest perturbation in the impedance (for example,
noise in the measurement) can have a considerable impact on the
result of the inversion. Therefore, the DRT requires careful para-
meter selection®. Particularly in regularization, a process which can
smooth the DRT profile and potentially lead to loss of information.
Regularization is essential for controlling noise and preventing
artifacts such as artificial peaks without a physical meaning.”

Circuit modeling and DRT parametrization.—Circuit modeling
was achieved using ZView ver. 3.2b. The DRT analysis was
performed in Python using pyDRTTools*® and the following set of
parameters:

Method of Gaussian Regularization 2" order
discretization: derivative:

Parameter mGCV Regularization 0.01
selection: parameter: ()\)

RBF Shape Shape FWHM Control 1.0
Control: Factor

This set of parameters was used in all DRT analyses shown in
this paper. The modified generalized cross-validation (mGCV)
method was chosen as an effective way to determine the value of
the regularization parameter A**. The resulting DRT profiles are
consistent with the Nyquist plots in terms of number of relaxations
and timescales. Finally, the deconvolution of the DRT peaks,
although a very powerful means to help separate the processes and
investigate their physical origin, was not pursued in our case as no
useful information could be extracted through it.

Results and Discussion

Multiple relaxations and equivalent circuit.—EIS was already
performed on dendrites®®’>%7%8 In the case of two gold wires
supporting two distinct CPD, a clear non-Debye relaxation is
observed.”*®®. Despite the fact that impedance is highly dependent
on the CPD morphology grown at the apex of both gold electrodes,
the influence of the wires on the signal propagation has not been
established.”” Later, the impedance from CPD@Au to a naked silver
wire showed a more ideal discharge with respect to Debye's
relaxation, which highl_y depends on the voltage bias applied through
the CPD during EIS:*” as PEDOT:PSS is a material which can be
electrochemically doped or dedoped, the charge transport through
the dendritic structure can affect the conductance of the polymer
object, hence the charge distribution at the CPD/electrolyte interface.
In our case, to analyze the properties of CPD with minimal
dependence on the setup (such as voltage bias or the nature of the
counter electrode), we chose to study the signal propagation from
one dendrite to another without applying a voltage bias (Vpc = 0).
Figures lc, 1d show two wires used in the experiment with at their
tip a dendrite. Both are immersed in a 20 pL volume of water
contained in a plastic container. Different colors are used to

distinguish the three existing interfaces between ions and electrons:
a metal-electrolyte interface (purple), a polymer-electrolyte interface
(green) and the OMIEC as heterojunction of ion-conducting
semiconducting polymers (blue).

Despite conducting polymers being low mobility semiconduc-
tors, the hole dynamics in PEDOT are faster than the ion drift
mobility in water,*® so the slow dynamics of the ions dictate the
overall dynamics of the system. As ions have different natures (size,
charge, electro/nucleophilicity) and interfaces have different proper-
ties (roughness, surface, permittivity of the ion domain), it is
expected that the junction limits signal propagation at different
cutoff frequencies according to the different relaxations involved
with the multiple ions and interfaces (Fig. le depicts a generic
equivalent circuit assuming that all n+1 relaxations can be modeled
in cascade form, one wire to the other). Figure 1c, 1d illustrates the
difference in scale of these interfaces and that dendrites only
represent a small domain of the electrochemical system. In order
to assess the independence of an impedance spectrum to the
environment of the CPD (the wires that support them, and the redox
species that surround them), three comparisons are presented in
Fig. 1f on the same Bode plot. The impedance of a pair of gold wires
immersed in an electrolyte containing only NaPSS ., is compared to
its impedance after introducing EDOT(,q, and BQq (the total
volume of electrolyte is reduced to the same volume prior to the
introduction of EDOT(,q, and BQ,q) in NaPSS4). A minor but
noticeable contribution of EDOT and BQ can also be seen at low
frequency in the spectrum. The magnitude remains too high for it to
explain the increased conductivity after deposition. Thus, we can
conclude that the interactions between EDOT, BQ and the gold
wires do not limit the impedance of the system: nor by a faradaic
process (electroplating in operando) or by affecting the diffuse layer
at electrode/electrolyte interfaces. The impedance of these same
wires is compared to the one after electropolymerizing two CPD of
comparable morphologies, using standard growth parameters (100
Hz, 50% duty-cycle and 0 V offset). The modification results in a
drastic change of the impedance property of the system, by a
decrease of at least two orders of magnitude of the impedance
modulus (Fig. 1f). The resulting spectrum confirms that relaxation
processes in polymer electrolytes can have characteristic time
constants on the order of seconds.’”?! Despite the fact that dendrites
represent only a small fraction of the volume of the wires immersed
in solution, CPD define most of the electrodes’ impedance after
growth, showing that the setup is suitable to study the impact of a
CPD morphology on the impedance independently from the system.
Another advantage of the freestanding wire setup is that no substrate
is in contact with the electrodes: studies have shown that a CPD
growth can be impacted by the affinity of a dendrite on a flat
surface.%' As the phase of the signal appears to be rather complex, it
is assumed that multiple relaxations rule the impedance modulus
drop from 100 mHz to 1 kHz.

In order to assess it, the distribution of relaxation times (DRT) is
performed assuming an elementary decomposition of the system in
discrete Voigt elements in series (Figs. le, 1g). The range of the
impedance characterization is enlarged from 1 MHz to 10 mHz to
ensure that all relevant peaks can be visible in the DRT. The
distribution of relaxation times allows to visualize the number of
processes taking place in the system without prior knowledge of its
physics. Figure 1g shows multiple relaxations. The highest fre-
quency peak occurring at 7(Ry,Co) or 7o ~ 1 ps could be attributed
to the dipolar polarization of the solvent (we observe in general that
this relaxation is invariant with the growth for any morphology,
except when CPD merge and bridge one another). The other time
constants are however very dependent on the growth conditions.
They represent interfacial phenomena that are at this point difficult
to interpret physically in the current stage, as the complex
morphology and chemistry come into play. It can be noted that the
lowest frequencies processes are especially slow (7, = 30 s), which
contrasts with the idea one might have for a RC system of such small
dimensions (D = 240 um, d = 40 um). The peaks in the distribution
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Table I. Parameters for the dendrites grown in Fig. 1.

1/G(kS2) R{(MS) 0\ (nF-s@1)

Ro(k€2) s (nF-517 ) @

76.597 19.012 803.11

are well spaced, distinguishable and symmetrical enough to follow a
Cole-Cole distribution of two parameters « and 7.** However, given
the strong dependence of the result on the discretization parameters,
fitting the peaks to a Cole-Cole distribution was not attempted. The
broadness of the peaks can also appear unusual as they span over
multiple decades of time constants, however, this effect is reinforced
by the log/log scale used in all the DRT throughout this study, that
allows to see all peaks, otherwise the dominant relaxation in the low
frequencies would overshadow the other existing relaxations. It is
also not excluded that the regularization parameter was chosen high
enough to merge close relaxations and contribute to this observed
broadness. Based on the number of peaks displayed by the DRT, an
equivalent circuit is defined in Fig. 1le depending on a number of n
relaxations composing the system. First, an ideal R|C relaxation at f;
= 1/277y due to the geometric capacitance of the system (where the
frequency is too high for ion motion and where water behaves as a
dielectric), is followed by numerous ZARC elements in series, for
which, in Fig. 1g, n = 2 is chosen to modelize the longest
relaxations. A preliminary fitting performed with this model (with
Z{w) as ohmic resistors) provides a satisfying match and results in
the parameters presented in Table I.

The corresponding time constants are 7y = 18.73 s and 7, =
0.07 s, which are reasonably close to those obtained from the DRT.
Considering the large difference in scale between both time
constants, it is reasonable to assume that they are not to be attributed
to one dendrite each, as their morphologies are comparable in size
and features. The high values for R; and 7, indicate a long and
highly resistive process, while the other ZARC element describes a
relaxation several orders of magnitude faster, less resistive and also
less ideal, suggesting that both relaxations originate from different
physical processes, requiring deeper insight on varying the physical
structure to understand the origin of the multiple processes. Finally,
it is interesting to note that while R, and R, have widely different
values, Q) and O, are essentially the same. But because in practice Q
and « are difficult to decorrelate, and as both « are different between
the two relaxations, it is at the present stage difficult to conclude any
physical meaning from this equality. In fact, the units of Q contain
the value of the o parameter, being different, therefore, from each
other.

Elements evolution upon morphogenesis.—Fig. 1’s impedance
is representative of disconnected symmetrical dendrites grown in
well established, standard conditions. A number of time constants
could be identified without information on the physical origin of the
underlying processes. To understand this origin, the system is
perturbed by several variables: the first one of interest is the stage
completion under steady conditions of growth. To evaluate this
effect, a set of EIS measurements is performed intermittently by
interrupting a single growth at multiple stages, starting from
uncoated Au wires until both dendrites interconnect. Previous tests
in Fig. 1 have confirmed that EIS is not invasive and does not
modify the CPD when no bias is applied. Conventional EIS cannot
be performed in operando with the growth to characterize its
impedance without faradaic processes, but intermittently interrupting
a growth does not perturb the morphology by itself.®> Such
interruptions are depicted in Fig. 2a where each white edge
separating different colors corresponds to a stage where impedance
was measured while the system remained at rest. For this study, a
new variable called T, is introduced as the time spent continuously
electropolymerizing before the next impedance measurement. The
choice of T, is crucial and should take into account the duration of

0.93028

121.520 829.83 0.84246

an impedance measurement at each step (approximately one minute
per EIS) because CPD growth appears harder to trigger over time,
which limits the number of possible EIS measurements over a
growth. Three values of T, are tested, one for each three different
growths. The dendrites in the three experiments are, while strictly
different, grown under the same growth parameters (frequency,
magnitude, duty cycle of the input voltage), leading to three
comparable dendrites with the same features. A first growth with
T,, = 10 s is performed to observe the EIS evolution from
nucleation to interconnection with 14 samples (Figs. 2a, 2d). It
allows to monitor the impedance for the total duration of the growth,
140 s, with a sufficient resolution. Growths with shorter 7, at 1 s
(Fig. 2c) and 100 ms (Fig. 2b) were performed to observe the drastic
change of impedance at the very beginning of a growth with more
resolution, and are therefore stopped well before the connection is
complete. Despite the three growths occurring under the same
experimental conditions but leading to three distinct morphologies,
a continuum is observed in the impedance decrease (Figs. 2b—2d) as
the data from the three experiments were plotted together. It should
be mentioned that the T, = 1 s and T, = 0.1 s series are generated
at a higher AC magnitude of 50 mV,,, as the impedance is
particularly high and noisy in the low frequency region when there
is no PEDOT coating on the gold wires, leading to a current below
the specifications of the current measurement units used for this
study. The increase in V,,, during the intermittent EIS does not
appear to affect the growth. It appears that most of the impedance
change occurs at the very beginning of the growth: the very first
milliseconds are where the magnitude in the low frequencies falls the
most. The top of the phase also slightly drops and shifts toward the
low frequencies. At high frequency, most of the change occurs when
the distance between the wires is reduced as they get closer to each
other, lowering the electrolyte's resistance 1/G. A plateau in the 1-10
Hz range is also gradually appearing. The data of the T, = 10 s set,
strictly reduced to the part of the experiment where the dendrites are
growing but are not yet connected, are fitted with the equivalent
circuit defined previously. The fitted parameters are presented
Figs. 2e-2h. Two R|CPE elements are considered (subcircuits of a
resistor parallel to a constant phase element), modeling the slowest
relaxations. CPE;’s impedance is given by Zcpg(w) = 1/Q:(jw)%,
where Q; is a pseudo-capacitance, j° = -1, w the angular frequency
related to the frequency f by w = 27 f, and «o; (0 < o; < 1) the
dispersion coefficient.”* For each Voigt circuit, an effective capaci-
tance C,y; can be defined as: Cpp; = O 193 Interestingly,
while most of the system's resistances are decreasing upon electro-
polymerization including the electrolyte resistance 1/G, R, increases
slightly. The opposite trends of R, and R, with the growth validate
that both relaxations originate from different processes and are not
specifically to be attributed to each dendrite distinctive
morphology.”* And while the dispersion coefficient o converges
toward 1.0, becoming equivalent to an ideal capacitor, o, quickly
stabilizes around 0.8, although this behavior is not systematically
observed. The three DRT in Figs. 2i-2k display actually more
relaxations than previously observed: a total of four time constants
despite the noise being removed by the 50 mV AC magnitude,
cementing the idea that the system has four relaxations taking place
with or without dendrites, and that dendrites do not create additional
relaxations but rather affect the existing ones, defined as R|Cy(7y ~
1 ps) and R|CPE«(7; = 1-10 s fori =1, 10-100 ms fori =2 and 0.1-
1 ms for i = 3 - pointed by the blue marker for R|C, and respectively
red, green and orange for R|CPE; in Figs. 2i-21). The shift toward
the low frequencies previously observed in the Bode plot translates

1/a; 1/aj—
iR



ECS Advances, 2024 3 044001

Growth Duration (s)
0.8s 15s

100k 4

‘
|
S
o (

T T T T
100m 1 10 100 1k 10k 100k ™
Frequency (Hz)

Growth Duration (s)

1s 155s 30s

A v. V/ _ [ .
'~
\ 2004 v—v" g
% 16| B
= _ =
2 % < VR,
g g 19 100k ——— —] -80
2 g s 1-60
& 10 < 01 ~9—M—e P 2 B
4 ‘ANA‘A‘A A g ‘.\.‘.‘.\ . \ 1-40 =
~A AN —® N -20
~
0 —Y—UY—U—Y—U—U—U—U—{ 04 g I . . — =] - 0
0 20 2 & 8 0 20 40 60 80 100m 1 10 100 1k 10k 100k ™
Growth Duration (s) Growth Duration (s) Frequency (Hz)
g hwof A—D—D—0 d
. AL fom I~ Growth Duration (s)
1 ~
< o . _romd ~_ 105 755 140
£ 2094 a ~
K Valk SR
£ 104 3 - = ~
] /A 8454 v 100k 4
o c —V ~\/—
8 VN 3 V/V’V v N 10k
2 —x —v—v—Y & ’ 1-80
B 054 Q/'A Bo7- A
& D BC.ry S 1790 ~
|/ V- Curf N <
0 06| \ E
1 <z
o 20 40 60 80 o 20 40 60 80

T T T — T T
100m 1 10 100 1k 10k 100k ™
Frequency (Hz)

0.1s|15s
1s|30s
10s|140s

£, &

T T T
100 100 im

T T
10m 100m 1

T T T T
108 100p m 10m 100m 1
T(s)

T(s)
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Dependency of the DRT's log(7) local maxima with log(7).

in the time domain to a shift toward the slow relaxations, as 7, and
75 get longer over time. Meanwhile, the third R|CPE; relaxation,
also subjected to this shift, tends to disappear during the growth.
Considering the low value of impedance for this relaxation, the
disappearance of this peak could be an effect of the regularization of
the DRT. As the CPD grows and its surface area increases, the
current increases for the same applied voltage, leading to a decrease
of impedance over the whole medium-low frequencies region where
ions have the time to reach the material. As the v value of the 75
peak decreases and reaches values as low as 100 €2, it has higher

chances to get smoothed out in the regularization. Finally, the high
frequency relaxation R|Cy is stable over time until both dendrites are
connected, where the electrolyte's contribution to the impedance
becomes minimal. The local maxima of each relaxation in the DRT
are plotted in Fig. 21 for all EIS. Again, data are consistent between
the sets. R|CPE;, R|CPE, and R|CPE; show the same type of
trajectory in the plane, rapidly stabilizing at a certain ~ before their
time constant gradually become longer, and finally dropping upon
dendrites’ completion. Only R|C, follows a straight vertical trajec-
tory, unaffected by the dendrites’ growth or the decreasing distance
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between the electrodes. We note that the initial value of 7 is
approximately 1 s and corresponds to the configuration without
polymer on the wires, meaning that, already when charging at a gold
interface, ions still need seconds to stabilize over a 240 pm gap in
water. This stresses the fact that the dynamics of the CPD are not
only conditioned by their morphology but also by the dynamics of a
given electrolyte in a given environment and that a given mor-
phology may result in very different dynamics if solvents and ions
are changing (which has not been investigated at the moment). The
DRT profiles of the system when the dendrites are fully connected
are also displaying four relaxations in total, each being of similarly
low peak values. This contrasts with the previous DRT profiles
where the  would increase with the time constants. In this
configuration, no relaxation is longer than one second. An ionic
contribution to the current likely still exist but is minor when
compared to the electronic conduction once CPD are in contact with
one another. Also, the growth itself seems interrupted, as the DRT
spectra do not change substantially. However, some growth can still
happen to incomplete side branches (often considered ‘dead’
branches, although it is a fact that they keep promoting growth).
Their contribution to the impedance is overshadowed by the primary
branches being fully connected, although not completely made silent
on the EIS.

Decoupled effects of time and distance—Made of a conductive
material, CPD decrease systematically the electrolyte gap as the
material grows during a specific time. The effect that a given
morphology has on the impedance shall generically depend on the
morphology itself and not the distance between vicinal dendrites, nor
the time dendrites age in an electrolyte. These two parameters have
been studied separately.

To study the impact of aging, measurements have been per-
formed on an incomplete symmetric morphology without modifying
their structure nor their environment (Fig. 3a). EIS is performed
approximately every minute over 32 minutes in solution, as the
dendrites are left as is (minor manipulations of their position have
been performed to compensate an apparent wire drift happening over
time). At high frequencies, the impedance remains steady by the
stability of its modulus and its phase. This indicates that water
composing the electrolyte does not evaporate at a significant point
and that the electrolyte concentration does not change noticeably as a
result. An effect at low frequencies is however noticeable in the
phase plot, meaning that time has a minor impact on a dendrite's
impedance. Figure 3b indicates that one of both relaxations becomes
slightly more ideal overtime (however the average value of related
dispersion coefficient a, drifts by less than 0.01 over 13 minutes).
On the DRT, the R|CPE, relaxation trajectory in Figs. 3c, 3d is
noticeably affected by aging, as 7, drifts toward faster relaxation
times. Possible reasons explaining the aging may be related to
evaporation of EDOT and BQ in solution over time, affecting more
rapidly their concentration than water's evaporation, and for which a
minor effect of their presence on an EIS has been evidenced in
Fig. 1f.

The impact of CPD distances have been studied independently
from their morphology on the same growth of CPD pair by adjusting
their distance via micro-manipulators supporting the gold wires
(without pulling the CPD out of the growth electrolyte). The Bode
plots in Fig. 3e show that a significant drop in magnitude exists in
the highest frequency region (f > 10 Hz), likely caused by the
decrease in electrolyte resistance since the distance that ions have to
cross is significantly reduced (despite their trajectory from one
morphology to another being complex). The fitted values in Fig. 3f
confirm that the electrolyte resistance is the parameter responsible
for the high frequency variation observed in the impedance spectra
in Fig. 3e. At the particular case where d = 0 pym and the dendrites
appear in contact with each other, the magnitude is slightly dropping
while the frequency increases. This likely leads to the R|CPE;
relaxation being visible in the DRT, unlike the other cases, as shown
in Fig. 3g. This behavior is the opposite of what was observed in the

previous section: the 73 peak now reappears when CPD are brought
in contact, even though they are not bonded together. In this
situation, the transport mode has not shifted drastically and the
current remained mainly ionic. Assuming that 75 is close to being
smoothed out by the regularization, a small increase of resistance
could make it appear again. In this case, the increase of resistance
can come from the fact that the enclosed dendrite has less surface
area and more constrained conduction paths. As for the low
frequencies, an effect on the phase is noticed. The trajectory of the
R|CPE, relaxation, depicted in green in Fig. 3h, shows that R|CPE,
is, again, the only relaxation affected by the varying gap for a given
morphology. R|CPE,; remains poorly affected by the CPD distance,
which indicates that the underlying process is defined by the
interface with the electrolyte on both electrodes rather than the
volume of electrolyte between dendrites. It should be pointed also
that because each measurement requires a specific duration for the
acquisition, the set of measurements may be affected by the effect of
the time has shown previously in Fig. 3a-d: it is, in fact, suspected
that the slight drift at low frequency in Fig. 3e is due to aging rather
than distance.

Among the multiple relaxations taking place in the system, only
R|CPE, is yielded by a mechanism which is moderately affected by
time, drifting the dispersion coefficient by less than 0.01 over 13
minutes. Distance has no effect on the impedance at the lower
frequency part of the spectra where electrochemical relaxations
dominate the dynamics.

Impact of the dendrite's morphology.—As the setup allows
monitoring changes in a CPD impedance (Fig. 2) with a minor
influence of the gold electrodes surface and electroactive electrolyte
components (Fig. 1) or of the wire distance and solution aging
(Fig. 3), different morphologies of CPD growth on pairs of different
Au wires have been characterized to observe an impact of their
fractality on the interconnection impedance (considering that dif-
ferent Au wires or CPD gaps would have no visible impact on the
impedance). Former studies showed that varying pulse signal
frequency or duty-cycle during growth affects greatly the CPD
morphology.®>’> Because of the low concentration of anions in
solution ([PSS™] = 1 mM) and the high voltage amplitude (5 V)
applied to the wires, ions cannot screen the voltage on the whole
wire entirely, and are therefore migrating from one wire to the other
alternatively. Once ions have reached the apex of the dendrite (as the
closest point from one CPD to the other), they start diffusing along
the wire, going deeper if the frequency is low enough, leading in that
case to electropolymerization on a large surface, and so to bulkier
dendrites. Therefore, the amount of time spent electropolymerizing
one wire will directly change the thickness and number of branches
of its corresponding CPD. Considering this, dendrites were formed
with five different pulse frequencies (50, 100, 150, 200, and 300 Hz)
and their impedance was measured at d = 40 pm apart from each
other. A constant delay of six minutes was introduced between
adding the water in the container and taking the impedance
measurement, so the drift effect is comparable from one morphology
to another. Additionally, each morphology was characterized three
times at specific durations for fair comparison of their respective
differences in regard to the temporal drifts (Fig. 4). The resulting
morphologies and Bode plots are presented respectively in Fig. 4a
and Fig. 4b. The magnitude at high frequency does not exhibit a
clear relationship with the frequency: it is assumed that for
comparable distances d, the electrolyte conductance is dominated
by the number of branches on each CPD rather than their respective
thickness (this feature is less controllable than the branch thickness,
changeable by varying the growth frequency)®. The magnitude at
low frequency follows a monotonous trend with the growth
frequency: the higher the growth frequency, the lower the effective
capacitance appears to be. This is to be attributed to the lower
volume of OMIEC on thinner dendrites (grown at higher frequen-
cies) than thicker ones (grown at lower frequencies). On the other
hand, thicker dendrites exhibit lower and flatter impedance modulus
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and a trend in the phase which deviates even more from the ideal
-90° Debye relaxation capacitor. From the impedance data fitting
(Fig. 4c), the dispersion coefficients o and «, initially distant from
each other of about 0.2, not evolving much between 50 and 100 Hz,
were shown to abruptly converge between 100 and 200 Hz toward
the same value of 0.896 +0.001. Incidentally, most of the morpho-
logical changes also happen below 150 Hz. As the frequency
increases, dendrites become less distinguishable from their mor-
phology, same as their respective dispersion coefficient. The DRT in
Fig. 4d shows a monotonic evolution of two to three R|CPE;

relaxations with the growth frequency. As dendrites get thinner, all
relaxation time constants 7; increase. This is in line with the idea that
thicker dendrites may retain longer ions in their nano-structure as an
OMIEC. The local maxima of the DRT in Fig. 4e show that thinner
dendrites have higher values of v and 7, overall, however the
interpretation of the differences in spectra here is made difficult
because of the relative existence of the third relaxation, which can
cause a shift in the DRT and complicate the comparison. Another
effect that must be taken into account is that electropolymerization
takes longer at high frequency for comparable voltage applied during
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the growth. A longer time for electropolymerization may lead to
more accumulation of charged species within the bulk of the
polymer, possibly leading to OMIEC with differences of conduc-
tivity either for the ions and/or for the holes. To verify that the
relaxations are not specifically localized on one particular CPD
compared to the other, dendrites are formed with different duty-
cycle values on the pulse waveform used for their growth. Different
polymerization times were required depending on the duty-cycle to
reach comparable completion d/D, leading to a clear unbalance in
their morphologies as shown in Fig. 4e. Branches that arise do not

only grow on the tip of the gold wire, but also on its edge, as an
unbalance in polymerization times gives more time to electroactive
oligomer particles to reach longer distances.”” On the other hand, the
electrode with shorter electropolymerization times shows thinner
branches, with regularly spaced sharp angles. Both electrodes cover
a larger area with multiple growth directions, which seem to follow
the electric field lines. Five different values of duty-cycle (40%,
45%, 50%, 55%, 60%) were tested. Above 60%, bubbles started
appearing at the work frequency, disturbing the impedance measure-
ment. Electrolyte bubbling occurs because the duty cycle affects the
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DC component of the periodic signal waveform. If the duty cycle
deviates too much from 50%, it can push the DC component beyond
the electrochemical window of the electrolyte solvent.%> In their
corresponding Bode plots in Fig. 4g, we can observe that the same
effect of fluctuating electrolyte resistance 1/G exists at high
frequencies, because also in this case, the number of branches is
not easy to control with the growth. However, a discernible change
in slope appears in the 1-10 kHz range, likely corresponding to the
R|CPEj; relaxation (pointing arrow in Fig. 4g). It is especially visible
for duty-cycle values at 60% and 40%. While the high frequency
plateau is usually flat and close to 0° in phase, in these specific
extreme cases, the plateau appears to decrease in magnitude while
the phase shows a slight bump above 0. This effect was not observed
before. The appearance of R|CPE; in the raw data of the EIS is
attributed to the growth under an asymmetric duty-cycle. Using n =
3 for Fig. le's model in these specific cases, similar values of «; and
ap were obtained for all five samples in Fig. 4h. Only samples grown
with duty-cycles of 40%, 45% and 60% show convergence of the
n=3 model for their impedance fitting, leading to a value for 3. The
fitted time constants of the circuit appear to follow a symmetrical
trend with the duty-cycle: the time constant 7, gets longer as the
system becomes more asymmetrical. Considering 3 reaches a value
below 0.5, it is unlikely that this R|CPE; relaxation should be
modeled as a Voigt element, and a Randles element containing two
constant phase elements could be physically more relevant here. In
that case, the interpretation of the DRT could significantly change in
Fig. 4i,j as the system would not be seen as a series of n Voigt
elements anymore, making it not suitable if the diffusive term of the
Randles element becomes dominant. We can however notice that if
all relaxations follow Fig. le's model, we also observe a duty-cycle
symmetry in Fig. 4j for 7, and 73 by the trajectory of their relaxation
center (markers for 40% and 60% are closer toone another than to
the other samples markers for these two relaxations).

Discussion.—The structural evolution of conducting materials
gathers natural peculiarities when compared to conventional electronics
in which no mass transfer occurs. Various transports and charging
modes govern CPD, from nucleation to interconnection®®’>*. Their
electrochemical relaxations become slower as they grow, while
resistance takes over reactance in the impedance. Some relaxations
are slow at the timescale of seconds: often seen as a drawback in
conventional electronics where computing speed is key”™°, such
fading memory in the charged state can be relevant for unconventional
computation where recurrence is an important ingredient of the analog
information processing””**®. Multiple relaxations are simultaneously
observed, but the most dominant is systematically the slowest one,
followed by a second relaxation a few decades faster. Those two
relaxations are heavily changed by the PEDOT:PSS deposition, starting
from the very first milliseconds, but were already present without
PEDOT:PSS in a context of gold wires immersed in a binary electrolyte
(even without EDOT monomers). Considering this, the slowest
relaxation can be attributed to a diffusive process taking place in the
diffusive layer of the electric double layer of the wire, while the second
relaxation is more consistent with the formation of the EDL, in terms of
timescale, and as it was shown to be influenced by the evaporation of
the solvent and EDOT monomers. When adding PEDOT:PSS on the
wire, the surface area increases over time leading to a decrease of
impedance over all timescales. It was observed that in the case of 7, R,
decreases substantially, while for 7,, R, increases, and it is both a, and
O, through the effective capacitance who are responsible for the
decrease in impedance. The same cause (increased surface area) will
offer different parameters responses (R; decreasing, R, increasing)
because of the differing natures of the relaxations. The dynamics of
charge storage is also slowed down while the diffusion is more
constrained inside the polymer. The decrease in ideality can be
explained by the porous nature of the CPD that can lead to a decrease
of v, and the 3D nature of the PEDOT:PSS coating when compared to
the 2D surface of the gold wire. More relaxations are also evidenced,
residual, but observable directly from the impedance raw data in some

cases. The coexistence of multiple relaxations in a simple two
electrodes system relies on the complexity of the interface dictating
the dynamics. For instance, the polaron coupling between holes and
anions intricates the slow dynamics of an electrolyte with the multiscale
structuration of electrically conducting dendrites’"**'%%. This may
explain the dispersive character of the measured impedances when
dendrites do not connect, however, at this stage, the physical origin of
the equivalent electrical circuit model's parameters could not be
formally evidenced. Despite new branches growing after the dendrites
interconnected, their contribution in the system impedance is insignif-
icant. Therefore, it appears necessary for a metamorphic electronics to
operate in a regime where interconnectivity is only sparsely composed
of completed dendrites to program the impedance between multiple
nodes in a network. It is also noticed that the distance between the
dendrites does not affect significantly the impedance of a junction, but a
slower dynamics for the second relaxation is observed. This demon-
strates the possibility to co-integrate multiple dendrites in a medium and
to program the interconnectivity between them through their impe-
dance, without their vicinity affecting the weight between specific
interconnections. The relaxations’ nature remains unclear: Nyquist plots
do not feature Warburg elements with -45° straight lines, and the
systematic observation of constant phase elements with a > 0.75
suggests the absence of diffusion limitation in the charging/discharging
process. In contrast to multiI%le studies reporting diffusion limitation
with PEDOT:PSS thin-films'®™'%, the topological nature of such an
electropolymerized amorphous material is likely to condition the
impedance of the electrochemical system, rather than the crystallinity
of a colloidal phase of conducting domains percolating in an ion-
conducting ionomer’ "', Values of the dispersioncoefficient o below
0.5 have also been observed: although they are not often seen
experimentally with the exception of subdiffusion cases'”, they
evidence important concerns on the nature of the charge transport
through topological amorphous conductors. Various hypotheses can be
proposed, such as the remain of polyelectrolyte excesses, trapped in the
structure during the growth'®, or the difference in mobility of cations
and polyanions in water's bulk''®, through water channels inside the
dendrite'"", or through the dendrite material itself as a compound with
the PSS cation conductor''>. The symmetric DRT peaks suggest that
the relaxations do not obey Gerischers’ impedance underlying the
Havriliak-Negami dispersion®>!, but the possibility for multiple
processes involving CPE and occurring in parallel should be consid-
ered. This can be explained by the existence of different ions or charged
particles of various lengths having the same polarity but not the same
permeation through a single dendrite morphology, and all occurring at a
given time on the same dendritic electrode. As a possible way to verify
these assumptions, a future characterization of these systems in the time
domain shall be considered with different asymmetrical voltages to
promote ion electrostatic attraction independently from diffusion with
different morphologies of dendrites. The variation of their electrolyte
environments under such stress shall also help decoupling the
contributions of cations and anions, in addition to solvent properties
which may play a key role in the signal transport, such as polarity,
proton lability and viscosity.

Conclusions

In this study, we characterized electrogenerated PEDOT:PSS
dendrites connecting two gold electrodes using EIS. An equivalent
circuit model has been proposed based on the number of relaxations
observed in the corresponding DRT. It has been shown that each
observed relaxation has its own dependency to parameters such as
the electrolyte composition and dendrites morphology. During their
evolution, CPD go through three phases: the nucleation phase has a
significant impact when the first monomers are electropolymerized,
as a substantial drop in impedance magnitude occurs. The growth
phase has an effect on the time constants of the primary relaxations
which increase as more material is deposited and is branching out.
Finally, at the connection phase, the conduction mode switches from
mainly ionic to electronic, where most of the spectral features
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associated to the dendrite morphologies are lost in the impedance. A
correlation has been identified between the dendrites’ morphology
and their corresponding impedance: the time constants of this system
can be changed by tuning the thickness of the dendrite's branches,
but no specific link between individual parameters of each dendrite's
constant phase elements and their morphology was established. By
engraving the past-voltage history in their morphology, CPD
interconnections are promising for future integration in unconven-
tional computing devices, by storing electrically-accessible informa-
tion with a low enthalpy process using carbon-based resources and
additive manufacture. The perspective to implement it at the system
level on a hardware classifier requires to verify the correspondence
of the observed spectral features in the time domain. Future studies
shall focus on programming such interconnects using spike voltage
sequences in the time domain so as to observe the rich dynamics of
these systems and the non-volatility of impedance modification
through electropolymerization. This study paves the way for the
implementation of recognition/classification tasks in future-emer-
ging information-generation nodes embedding in materio computing
resources, and is also a step toward evolvable electronics shaping its
interconnectivity in operando using both its environment and mass
transfer as a way to self-manufacture and process electrical
information in a circuit.
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