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Although efforts to model the electrochemical behavior of ionomeric polymer-metal composite (IPMC)
devices through electrochemical impedance spectroscopy (EIS) have been made, there is no equivalent
circuit that provides either good data fit or understanding of the electrochemical phenomena when
external factors, such as type of counterion and relative humidity, are considered. Most models have
either a Warburg element or an ideal capacitor, which results in poor fitting at high frequencies, where
the charge motion within the polymer membrane is observed. For the actual application of these
devices, a consistent model must be used to comprehend their behavior while working. Furthermore,
the models in the literature have limitations as they do not cover the environment and counterion
influences. In this manuscript, we review the articles that applied EIS to characterize IPMC devices for
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different purposes, pointing out the technique’s usefulness. At the same time, we use EIS in different
relative humidities and counterions to propose a new model based on transmission lines, in which the
DOI: 10.1039/d3ma00593c¢ data obtained have a better adjustment at high frequencies, lower statistical residue value e can also

grant robustness regarding the external factors when compared with other five models found in the
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1. Introduction

1.1. Ionomeric polymer/metal composites

Smart materials are defined as materials that respond to
external (chemical or physical) stimuli in a controlled manner
to execute a predetermined task, which can be used conveni-
ently. Ionomeric polymer composites (IPMCs) are part of this
materials class. They could perform a bending movement as a
response to an electrical stimulus and respond with an elec-
trical potential difference when mechanically requested. This
property is related to the polymer that composes the device,
whose structure can be described as a sandwich structure:
electrodes consisting of noble metals are plated on the surfaces
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of an ion-conductive polymer film (Fig. 1). This type of polymer
has a specific structural arrangement in which there is the
formation of channels that run through all the material where
solvated ions move along. Since these channels result from
aggregates with electrical charges, mobile ions are present to
guarantee the electrical neutrality of the medium. The for-
mation of these channels and the associated models will be
fully explained in a future section. Hence, the smart response of
these composites is a consequence of the mobility of ions
within the channels.

When a potential difference is applied to the electrodes, an
electric field is formed through the polymeric film, causing the
charged species to migrate towards the electrodes with subse-
quent migration of water molecules. Since the mobile species
are cations, there will be an anisotropic mass accumulation
close to the anode, causing the device to bend toward the
cathode. On the other hand, if the device is bent, the ionic
movement will cause a potential difference that can be mea-
sured between the electrodes. In this way, this behavior means
that it can be applied both as a sensor and artificial muscle
(soft actuator).

Electromechanical characterization of these devices is the
most trivial, as it relates to the electrical properties and their
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mechanical consequences. The most common way to do this is
by applying a voltage (typically below 5 V) to the device and then
measuring the current passing through it and monitoring the
displacement or force performed by the IPMC. The force
exerted by the device is measured using a load cell, while the
displacement is observed by a couple of methods, such as laser
sensors and cameras."

1.2. Impedance spectroscopy

Impedance spectroscopy is a very versatile electrochemical
technique because it allows characterizing, through a semi-
stationary measurement, the kinetic process on the electrode
surface, the structure of the double-layer, and the transport of
charged species.” This technique is based on the theory of
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alternating current (AC), which describes the response of an
alternating perturbation as a function of the frequency. There-
fore, in an uncomplicated way, by applying a potential and
measuring the current response, it is possible to obtain the
impedance (Z) of the studied system, which is affected by any
factor that alters the electron flow.

Impedance spectroscopy has been applied for decades in
electrochemistry and physics to investigate the electrical prop-
erties of conductive materials and their interfaces.’> Among the
possible applications of impedance spectroscopy in electroche-
mical devices, it is worth mentioning: the study of electrode-
position kinetics of polymers,® electrochemical aging of
polymers,>® characterization of photoanodes and solar cells
photocathodes,”® the study of corrosion mechanisms,'®™*?
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Fig. 1 Scheme of an IPMC and detail of the ionomeric channel, where C*
is a cation.

study of material doping,’*'* etc. This enormous range of

applications of this technique is possible due to its versatility
and simplicity of execution. However, it is worth noting that the
correct interpretation of the impedance data requires a more
in-depth study of the system being characterized. This techni-
que and its results are often underestimated. Thus, the present
review will address the use of electrochemical impedance
spectroscopy to characterize composites of ionomeric polymer
and metal and their derivatives.

2. Application of impedance on IPMCs

Since the advent of IPMC devices, many techniques have been
used to understand their operating mechanisms. This section
will briefly discuss studies that used electrochemical impe-
dance spectroscopy as a form of characterization for a specific
purpose, such as obtaining resistivity and capacitance of the
device or newly developed electrode and determining the ionic/
electronic conductivity of the device and the membrane. Such
results had neither a model developed to describe the data nor
the obtained data in depth. Among these examples is the
determination of the resistivity or capacitance of the device
using only the complex impedance data as usual.””™*° The data
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extracted directly from the Bode graph at a given frequency is
still valid in this analysis.

Nevertheless, it does not explore the full characterization
potential of this technique since one may obtain valuable informa-
tion about diffusion mechanisms, reactions, and charge transfer
processes. Thus, the main objective of this section is to show the
range of uses this technique can have and the different information
that could be obtained. The studies are organized chronologically;
specific uses will be addressed in appropriate subtopics. Fig. 2
shows the primary applications of impedance measurements in
IPMC that will be detailed hereafter.

2.1. Widespread use of impedance data

Bar-Cohen et al.>® presented a paper with characterization

techniques to quantify the electroactive responses and material
properties of EAP materials. The impedance technique was
used to observe the magnitude and phase changes as a function
of frequency, but its full potential and applications for IPMCs
were not explored. In 2002, a subsequent paper>' proposed a
new method for gauging EAP mechanical properties via acous-
tic wave resonators. The technique was based on non-linear
curve fitting (non-linear regression using Mason’s Model) of
impedance data for a thin piezoelectric (PZT) and an acoustic
layer (Kapton). In 1999, S. P. Leaty, & Y. Bar-Cohen,>” used the
Impedance Spectroscopy (EIS) technique to determine the
electrical properties of Nafion-based IPMCs with platinum
electrodes and Na' counterions. Samples were immersed in
deionized water, and an electrical potential of 0.05 V was
applied. The authors assumed that impedance response at
low frequencies was governed by space charge effects at the
electrodes,”® and no Debye relaxation (dielectric relaxation) was
observed. Large displacement occurs only at low frequencies
(0.1 Hz). In comparison, at higher frequencies (>5.0 Hz), the
device’s behavior was similar to a resistor with no mechanical
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Fig. 2 Diagrammatic illustration of the main areas that apply electrochemical impedance spectroscopy in IPMC.

deformation, indicating that ion migration was not ideal. When
a higher electrical potential was used (4 V), electrochemical
reactions and nonlinear dielectric behavior were observed,
associated with water electrolysis, mechanical hysteresis, and
power dissipation in the form of heat, respectively.

In 2000, Shahinpoor & Kim>* prepared IPMC artificial
muscles using Nafion as a perfluorinated ion-exchange
membrane, plated with platinum, and exchanged with
Nafion/Pt/Li". Two other samples, one containing copper (Cu)
and another containing silver (Ag), deposited electrochemically
on the surface of the platinum electrodes, were prepared. EIS
was used to report the effects of the electrode surface resistance
on the device’s performance. An optimized equivalent electric
circuit was proposed based on a discrete electrical model
described by R. Kanno and S. Tadokoro.”* It is composed of a
surface resistance (R), a polymer resistance (R;,), a capacitance
related to the ionic polymer and the electrical double layer (Cy),
and an impedance (Z,) due to a charge transfer resistance near
the electrode surface. However, considering that electrical
potential drops along the electrode surface, a simplified series
of arbitrary resistances (Rss) was used to represent it. The
results suggest that the electrochemical deposition of Cu and
Ag produced a continuous metal phase, decreasing the surface
resistance considerably and increasing IPMC performance
(about 20%). In other words, this thin layer could reduce the
surface resistance, R, of typical IPMC artificial muscles.

The relation between the layer thickness and the decrease in
surface resistance has been experimentally verified by Punning
et al®® The authors developed an innovative experimental
apparatus to measure the IPMC surface resistance along its
length while performing bending movement. The measure-
ments exhibited that the actuator surface resistance depends
on the bending radius, and is more expressive with the increase

1820 | Mater. Adv, 2024, 5,1817-1845

of the curvature radius. Since the bending motion of the sample
was different along its length, the author suggests that the
model proposed by Shahinpoor & Kim>® should be modified,
replacing the invariant resistors (with time) with variable
resistances (variation of electrical resistance as temperature
changes). It was the first time that the variable resistor was used
to describe the electrical characteristics of the surface of IPMC
actuators.

Two similar works were presented by Noh et al.>”*® In their
first work, a large-surface Nafion-based IPMC actuator was
prepared, and the EIS was used to analyze the ion migration
capacity of six different cations (H', Li*, Na*, K, Mg>", and
Ca”") on the device performance. The Bode response of impe-
dance analysis suggests that, for monovalent cations, the low-
frequency resistance is higher for Li* when compared to others.
In contrast, Ca®* presented a higher resistance for bivalent
cations than Mg>" at the same frequency range. The authors
assume that this increase in resistance is caused by the
reduction of ionic migration throughout the material, caused
by ion-size (monovalent) and ion-ion (bivalent) interactions. In
their second work, Noh et al.>® presented a deeper electroche-
mical characterization of the interfacial region of the IPMC
devices. They prepared a large surface IPMC actuator with a
replication technique and investigated increasing the elec-
trode/electrolyte interfacial area on the deformation. Its flexing
behavior has also been interpreted with the electrochemical
aspects of different Nafion membrane cations. The impedance
spectra analysis was carried out using a simple equivalent RC
(resistor-capacitor) circuit. The Nyquist plot presented a lower
resistance for the large-surface IPMC, indicating that the cur-
rent density in the replicated Nafion was low, and the charge
transfer resistance could be reduced. Using the same proposed
circuit, Mukherjee and Gupta®® calculated the capacitance and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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resistance of IPMC devices to construct a propulsor working
underwater where the IPMC device held the actuation.

Kim and Kim*' analyzed the electrochemical behavior
of a conventional IPMC with platinum electrodes using
cyclic voltammetry, impedance spectroscopy, and quartz
crystal microbalance. It was concluded that IPMC has a
complex electrochemical behavior due to reactions and phe-
nomena that occur at the interface when electrical potentials
are applied. Among these phenomena at the platinum inter-
face, the following are mentioned: change in mass on the
electrode surface due to adsorption/desorption of H,O and
OH ", formation of platinum oxide, and water electrolysis at a
voltage higher than 1.8 V. The equivalent circuit proposed from
impedance data is of the RLC (resistor-inductor-capacitor)
type, instead of an RC, as suggested in previous works,**"?

with the inductive component being present at high
frequencies.
Lee et al.>* used electrical characterization by impedance

spectroscopy and surface resistance to investigate the proper-
ties of electrodes deposited on Nafion at different reduction
temperatures of Pt ions during the reaction. The deposition
occurred in two stages, each held at different temperatures (5,
25, and 45 °C). It was reported that electrodes deposited at a
higher temperature (45 °C) showed lower impedance and less
surface resistance, and the temperature of the first deposition
significantly influenced the impedance. It was associated with
the interface between the polymer and the metal and with
metal penetration in Nafion. The second Pt>* reduction affected
the surface resistance (thickness and density of the platinum
layer).

The influence of the roughness of the electrode was studied
by impedance spectroscopy simulations using the linearized
Poisson-Nernst-Plank (PNP) approach.’>*® Specifically, the
polymer is decomposed into a bulk region, where diffusion
phenomena occur, and boundary layers in the vicinity of the
polymer—electrode interfaces, where charge storage develops as
a function of the electrode surface roughness. The authors
concluded that IPMC charge storage is enhanced by the
increase in effective electrode surface area. On the other hand,
bulk diffusion phenomena remain independent of the micro-
scopic topography of the electrode. Thus, the hypothesis of
rough electrodes is very well suited to interpreting the abnor-
mal values of IPMC capacitance which scales linearly with the
electrode’s actual surface area.

Buechler and Leo®” proposed an electromechanical model
based on energy, having as background an earlier work by
Hagood et al.,*® but including the variation in material proper-
ties with frequency. The model requires the empirical determi-
nation of three properties of the material: elastic modulus
(including viscoelastic effects), dielectric permittivity, and
strain coefficient. Electrical impedance measurements
obtained the electrical permittivity value. The impedance, in
this case, proved to be more capacitive at low frequencies
(around 10 to 1 Hz) and more resistive at high frequencies.
Finally, the model accurately predicted the free deflection
behavior of the IPMC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Two models to describe the impedance behavior of IPMC
have been proposed by Takagi et al.:** one using transmission
lines and another black-box model. The similarity between the
models is that they both represent non-rational transfer func-
tions. To calculate the parameters and validate the models,
experimental data of impedance spectroscopy of IPMC com-
prised of Nafion and gold electrodes were used. As counterions,
Na" and TEA" (tetraethylammonium) were used. The results
suggest a good agreement for both models. Two clamp systems
were used to investigate the influence of the electrical contact,
but it was found that this parameter had little or no influence
on the results. On the other hand, the greatest influence on
impedance spectroscopy results was the type of cation used,
with TEA" implying greater impedance due to its greater ionic
radius and, consequently, less mobility.

Another model, a gray box one, was proposed by Penella
et al.*® to study the use of IPMC in energy harvesting. The
experimental validation of the model was performed using an
IPMC based on Nafion in a free beam configuration. Impe-
dance measurements at frequencies between 0.1 and 100 Hz,
made simultaneously with strain measurements, were used to
validate the model and choose the best electromechanical
coupling function. The model showed good experimental
agreement and allowed the authors to estimate the best geo-
metry for energy harvesting and the frequency for the most
effective energy conversion.

Chen and Tan®' presented a model based on physical
parameters and an infinite-dimensional transfer function.
The model relates folding displacement to the applied electrical
potential and can simulate the material impedance behavior.
The transfer function was applied to developing an open-loop
control system for the IPMC actuator’s tip positioning problem.
Although phenomenological models were not directly studied,
the results showed that this strategy could develop open-loop
controllers dependent on external parameters. Experimental
measurements of mechanical displacement and impedance in
an IPMC based on Nafion were used to validate the model. One
of the conclusions emphasizes that the resistivity of the elec-
trode must be considered to obtain simulations closer to
reality. Another factor of interest is that the proposed model
can be scaled to different geometries without defining new
adjustment parameters. The same strategy was used to evaluate
the influence of the temperature*” and the hydration level** on
the polos and zeros of the transfer function, which is an
exciting strategy.

Caponetto et a suggested a compact fractional-order
elements (FOEs) fitted model, where the definition of process
parameters and strategies can ensure the desired performance.
The model was tested for Nafion-based IPMC samples with
different Pt electrode thicknesses performed for a fixed elec-
trical potential amplitude to determine the frequency region
where the IPMC response could be linear. Then, a frequency
analysis is carried out to identify coherent fractional-order
dynamics in the Bode diagrams. According to the thickness,
the FOE order varied from 0.05 to 0.3. Although this model does
not describe the phenomena internal to the IPMC, this strategy

l. 44
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provides simplified and valuable parameters for designing
control loops.

Tiwari and Kim studied the performance of IPMC as a
sensor and in energy harvesting, varying the types of counter-
ions (Li", Na', and H'). The morphology of the platinum
electrode was also investigated as follows: 1, 2, and 3 chemical
depositions of platinum, formation of grooves by sanding in
the transverse direction, and the longitudinal direction of
folding and deposition by sputtering. The impedance spectro-
scopy results showed that IPMCs with only one platinum
deposition have a much higher real impedance than 2 or 3
depositions (with a slight difference between the last two
conditions). Regarding the induction of cracks in the electrode,
the real impedance increases when they are in the transverse
direction. Needle-pierced electrodes were also tested and
showed the best performance, with the lowest real impedance.
The higher impedance values showed a worse performance in
the sensitivity of the IPMC in deformation and energy harvest-
ing. Regarding the different cations used, the highest efficiency
of IPMCs follows the following order: H" > Na" > Li". Tiwari
et al.’ studied the main outputs for IPMC energy harvester
devices when altering the thickness and the type of electrode
via sputtering, observing that this mechanoelectrical output
could be tailored to changing parameters. They used different
metal particles to cover the platinum electrode, such as
gold, copper, nickel-gold, carbon, and rutile oxide, leading to
smoother surfaces less surface resistance, and improved
charging.

Using the same approach as another paper of the same
group, Cha et al.*® used the PNP system to describe the
evaluation of electric potential and counterion concentration
in the IPMC in response to large deformations. They concluded
that IPMC is electroneutrality during deformation for conduc-
tive electrodes if its electrodes are open-circuited and the
counterions do not migrate without regarding the IPMC swel-
ling, as a voltage drop arises throughout the electrodes to held
equilibrium. On the contrary, boundary layers develop in the
interfaces for short-circuited electrodes, so the electroneutrality
is lost where charge depletion is provoked by the IPMC defor-
mation (as one can see when reverse relaxation occurs). The
conclusion was that the surface resistance directly affects both
high and low-frequency responses of the IPMC, increasing
resistive effects and altering the formation of the double layer
and counterion migration, respectively.

The influence of pH on the electrical and mechanical
properties of a Nafion-based IPMC with palladium electrodes
was studied by Aoyagi and Omiya.”* The AC impedance
measurement results indicate that a lower pH increases the
charge transfer resistance and reduces the double-layer capa-
citance in acid solutions. On the other hand, both parameters
were constant with pH in alkaline solutions. The authors
related this finding to the mechanical properties of the IPMC.

Using EIS to model the frequency responses of IPMC sensors
was the focus of Takagi et al®>’ The authors investigated
using an IPMC comprised of Nafion 117 and gold electrodes
with two different counter ions exchanged: Na' and TEA'

45,46
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(tetraethylammonium). They did five gold plating instead of
the standard single plating in an unusual approach, creating a
large conductor surface area, a convenient path to study sen-
sing materials. Simple measurements of current/electrical
potential in the frequency domain were based on data for
comparison with EIS data, which can help investigate black
box models based on Onsager’s equation.’®>' The authors
concluded that the electrical potential response is not propor-
tional to the displacement or the velocity in the frequency
domain and highly depends on the counter ion species as the
differences between Na' and TEA" are apparent at higher
frequencies. Voltage and current response could only be related
through impedance which means that this technique was
proper to investigate the black box model proposed for the
IPMC sensor.

Disc-shaped IPMC for energy harvesting is still the most
used geometry for this application. Based on this proposition,
Tiwari®>** prepared an IPMC based on hot-pressed Nafion 117
pellets and simple silver painting as an electrode with disc-
shaped geometry varying its inner radius and thickness to study
resistivity and capacitance through EIS. The contribution of
these works was the conclusion that the samples with greater
thicknesses had high charging, and the inductive behavior was
evident. So, they did not use the full potential of the EIS
technique.

It is known that ionic liquids as solvents for IPMCs provide
better electrochemical stability,”* prevent water electrolysis,
and allow these devices to work in dry environments.”>™’ So,
researching ionic liquids is also becoming a trend in micro-
electronics. Seeking better electromechanical performance for
IPMCs with ionic liquids exchanged at room temperature than
those IPMCs with ionic liquids exchanged at 100 °C, Kikuchi
and Tsuchitani®® investigated the bending curvature, bending
response speed, and electrical properties of an IPMC with ionic
liquids [BMIm]|[BF,], [BMIm]PFs and [EMIm][BF,] exchanged
for 48h at room temperature. The authors used EIS to verify the
resistance and capacitance of the devices and an acquisition
system with a laser displacement sensor for electromechanical
data. They found that the bending curvature became more
prominent as the IPMC resistance decreased and that the ionic
liquid immiscible with water, BMIMPF, had the best electro-
mechanical responses. Furthermore, the authors proposed an
equivalent circuit for IPMC devices based on the Randles
circuit.

To reduce the spike current phenomenon on the IPMC-PWM
driving energy amplifier, Takagi et al.’® used a filter on the
integrated circuit, which allowed less energy consumption,
enhancing the efficiency of this device. To characterize
the resistance and capacitance of this circuit, EIS was held,
and an equivalent circuit was fitted. The equivalent circuit
is a simple RLC circuit with an inductor element between
the IPMC and PWM amplifier, where the inductor element
represents the filter for large current values. It is an example of
a fitted equivalent circuit that does not consider all the phe-
nomena occurring on the device structure. This circuit cannot
describe ionic diffusion and the interactions between

© 2024 The Author(s). Published by the Royal Society of Chemistry
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exchanged counter ions and side chains of the ionomeric
membrane.

Diab et al®® proposed an electromechanical model of
Nafion-based IPMC artificial muscle exchanged with Na'. The
model is composed of two integrated blocks to describe IPMC
actuation. The first part is a simple RC circuit powered by a DC
voltage. The second block is the mechanical part determining
the amount of deformation in the IPMC for any applied load.
The model was simulated using MATLAB and presents the
deflection of the device along its length for various input
voltages. However, the simulated model has not been com-
pared with experimental data, so it would be useful to compare
the results with analytical data obtained from EIS.

Other authors have also presented equivalent circuits to
simply represent electrical response data from devices. For
example, Feng and Liu® proposed a novel fabrication process
using a microfluidic scheme to construct one arbitrarily shaped
planar Nafion-based IPMC device to use as a micromirror
actuator. The electrical properties of the swirl-shaped actuator
were studied using a simple circuitry designed for acquiring the
current flowing through the actuator and the voltage drop
between the electrodes. The current response was measured
using Ohm’s law, while voltage drop was calculated by the
difference in voltage that passes through a resistor and the
IPMC. A circuit model extracted from®” was used to describe the
device’s electrical characteristics. Following the same premise,
Li et al.® proposed sensing the Nafion-based IPMC deforma-
tion based on the principle that the device’s impedance is
correlated to its bending curvature. A simple equivalent circuit
was proposed, but it was not discussed with the impedance
data. In addition, the author assumes a correlation between the
impedance and the deformation, but the data is not discussed
in detail.

On the other hand, some authors have presented a more
elaborate and detailed work correlating the devices’ response
with impedance data and equivalent circuit models. In 2014,
Palmre et al.® used palladium (Pd) to develop newly designed
Pd-Pt IPMCs with high surface area and thick ionomer mem-
branes (0.5 and 1 mm). They modified the Pd electroless plating
process conditions, creating highly dispersed particles at the
ionomer surface and inside the membrane. The procedure
for fabricating Pd/Pt electrodes was carried out in two stages.
First, palladium particles were incorporated into the inner
membrane surface, soaking the membrane in a Pd(NHj3),Cl,-
H,0 solution for 1,5 h. Second, Pt particles were deposited at
the outer surface using a traditional chemical deposition
method (electroless plating). Samples were exchanged with
Li', and electrochemical characterization was performed using
cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). The data indicates that the palladium
particles in the electrodes significantly increase the capacitance
of IPMC at lower frequencies (<10 Hz), promoting a higher ion
migration. For this reason, Pd/Pt-IPMCs exhibit significantly
higher electromechanical responses than Pt-IPMCs.

Must et al.®® prepared a three-layer ionic liquid-based actua-
tor using a manufacturing method described by Palmre et al.®®
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The device was designed using Nafion as the polymeric
membrane exchanged with EMI" counterion. The electrode
material was prepared by dispersing titanium carbide-derived
carbon powder with 15 wt% Nafion solution. The effect of
ambient relative humidity (RH) on the electrical response was
investigated by electrochemical impedance spectroscopy. The
data were fitted with a simple equivalent circuit that consists of
a charge transfer resistance, a Warburg element (electric
double-layer), a parallel connection of resistance, and a con-
stant phase element, representing a contact impedance
between the n active electrode material and measurement/
input terminals. The equivalent circuit presented a good fit in
Nyquist plots for the whole frequency tested, giving informa-
tion about the physical processes occurring in the device. So,
the improvement in the actuation performance in a humid
environment at low frequencies was described by impedance
analysis since the characteristic frequency shifted from 0.3 to
1.3 Hz due to the increased ambient RH, indicating an increase
in ionic conductivity.

The migration of ions in perfluorinated membranes also
depends on temperature, influencing the deformation behavior
of IPMC devices. Based on this fact, Cha et al.®” studied the
effect of temperature on the electric impedance of Nafion-based
IPMC samples neutralized by sodium counterions. The tem-
perature of the impedance characterization was controlled by
immersing the samples in deionized water with the desired
temperature (from 25 to 40 °C). In a previous paper,”® a
modified Randles circuit was used, for each sample’s equiva-
lent resistance, capacitance, and Warburg impedance were
measured. It is presented that the resistance and the capaci-
tance decrease as the temperature increases, while the Warburg
impedance increases. Such variations are associated with the
effect of temperature on the dielectric constant and the diffu-
sivity of the IPMC. Despite an exciting result, the variations are
minor, and their impact on electromechanical behavior is not
presented.

In subsequent work, the same author®® used the impedance
technique to explore the feasibility of enhancing Pt Nafion-
based IPMC energy harvesting through impedance matching.
The authors used a physics-based model*® to describe the
electrical response of 14 Nafion-based IPMC samples
exchanged with sodium counterion and designed shunting
impedances for four excitation frequencies. Each sample was
modeled as a transmission line, in which a shunt impedance
was used to represent the counterion motion through the
device’s thickness. A classical Antoniou’s circuit was used to
create a match impedance. Results confirm that impedance
matching produces a considerable increase in power delivery,
with an average performance improvement of more than 60%.
It was also suggested that impedance matching should be
preferred over a more straightforward resistive loading only
for IPMCs with many plating layers or other metal coatings.

In the research from Liu et al., an actuator to operate in air
conditions was fabricated using reduced graphene oxide (rGO)
with polyaniline (PANIT)’® and rGO/CNT”! as the electrode, and
a gel electrolyte composed of sulfuric acid and poly(vinyl
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alcohol) (H,SO4-PVA) as the ionomeric film. That paper aimed
to improve the ionic conductivity and increase capacitance
through the intercalation of rGO layers with intermediary PANI
particles. The EIS measurements showed that the polymeriza-
tion of PANI on the rGO sheet surfaces improved the ion
intercalation and the device capacitance, which was the cause
for the enhancement of the actuator’s performance. The con-
tact resistance between the electrolyte and electrodes reduced
significantly with the intercalation, 657 Q for rGO and 282 Q for
rGO/PANI electrodes. More impressive, the capacitance
increased considerably to 207 F g~' in the intercalated elec-
trode since the rGO electrode without PANI presented only
79 F g~ ' of capacitance.

Silver Cellini et al.”” used EIS measurements to evaluate an
air actuator based on polypyrrole-silver electrodes polymerized
by photoinduction in the Nafion membrane with Li* as the
counterion. Electrochemical impedance was used to study the
mass transport, double-layer capacitance, and resistive phe-
nomena within the electrodes and the ionomer. As an uncon-
ventional electrode was used, three different concentrations of
pyrrole were studied (0.143 mol L7, 0.072 mol L™, and 0.029
mol L") while the stoichiometric ratio with silver nitrate was
4:1 (pyrrole:silver). The authors found that the initial pyrrole
concentration influenced the double-layer phenomena and ion
transport. The authors observed a considerable variation of the
double-layer capacitance, increasing two orders of magnitude:
from 27.0 uF cm ™ when the initial pyrrole concentration was
0.143 mol L' to 2.73 mF ¢cm™ > for the initial concentration of
0.029 mol L™, respectively. The hypothesis in that research was
that the higher concentration of initial pyrrole developed a
homogeneous distribution of silver particles on electrodes so
that a higher electrode surface area is formed, which increases
the double-layer capacitance.

Panwar et al.”* developed a polyvinylidene fluoride (PVDF)/
polyvinyl pyrrolidone (PVP)/polystyrene sulfonic acid (PSSA)
based ionic polymer metal composites (IPMCs) actuator. PVDF
is the hydrophobic polymer in the ion exchange membrane,
PVP is the basic, water-soluble polymer, and PSSA is the robust
and water-soluble polyelectrolyte that provides the free charge
carrier. According to the PVDF/PVP/PSSA blend ratio, this novel
IPMC presented higher ion exchange capacity (IEC) and water
uptake (WUP) than the Nafion membrane and proton conduc-
tivity equal to that of the Nafion membrane. The electrochemi-
cal impedance spectroscopy analysis showed that the PVDF/
PVP/PSSA IPMC had a greater capacitive characteristic than the
Nafion-based one.

Rasouli, Naji, and Hosseini’* developed a new device based
on Nafion with a non-metallic electrode of polypyrrole (PPy),
carbon black (CB), and carbon nanotubes (MWCNT). A con-
ductive paint was prepared by mixing a Nafion solution with CB
and MWCNT and then deposited it over the membrane itself.
The PPy was deposited electrochemically using cyclic voltam-
metry and chronoamperometry methods; the electrodeposition
media was modified with water and water/acetonitrile solution.
Thus, the four different devices were characterized using
cyclic voltammetry and impedance spectroscopy, besides the
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electromechanical response and the water uptake (WUP). The
new compounds had ionic conductivity and capacitance eleven
and thirty-six times greater than the classic Nafion/Pt compo-
sites and a water uptake at least twice that of the conventional
Pt/Nafion. Besides, both the synthesis method and solution
media used during the synthesis affect the final device’s
performance since the new composites had lower tip displace-
ment, suggesting that the surface resistance of PPy film, the
thickness, and synthesis parameters may all be altered to
obtain lower resistance. Since the authors chose cyclic voltam-
metry and chronopotentiometry to perform the synthesis, it is
feasible to try other parameters to bring new compounds,
attaining the desired characteristics.

Hong, Almomani, and Montazami’® used the EIS to verify
the morphology effects of conductive network composite (CNC)
layers in a Nafion-based mechanical strain sensor. The CNC,
consisting of Ag nanoparticles dispersed in a poly (allylamine
hydrochloride) matrix, was applied as the electrode in the
IPMC-like device. It was found that the increase in the number
of bilayers decreased the device resistance, leading to a better
sensing performance, reaching an 11-fold improvement in the
signal.

Aiming to preserve and restore the electroless plated surface
is also a practice in the field of soft actuators,”® since the
cracking of the electrodes may impair the ionic conductivity.
Ming et al.”” proposed a fluid-bed-like reactor to prepare IPMC.
This method aims to improve the efficiency of Nafion plating,
preserving the etched surface morphology. The sample pre-
pared by this method was compared to the one obtained by the
conventional way. The fluid-bed samples exhibited better bend-
ing sensing with a sensibility of 2.99 mV for 1% strain and
enormous operation stability over 8000 bending cycles. How-
ever, the EIS measurements were just used to compare the
electrode surface resistance of the conventional method and
the new one described. Still, about new methods of IPMC
preparation, Kodaira et al.”® described a 3D casting process,
which allowed the elaboration of devices with unique formats.
The samples obtained exhibited different thicknesses in the
same device; thus, the resistance and capacitance were
characterized using impedance spectroscopy, relating the
values with the membrane thickness. The authors found
that both capacitance and resistance increase linearly with
the thickness until a value of 400 pm. After that, the relation
starts to be nonlinear, an essential characteristic for assem-
bling robots with different morphologies. Guo et al.”® used
the dip-coating technique, where IPMCs were put in a
solution containing PVP and AgNPs, to restore the cracked
electrode surface after actuation through growing Ag parti-
cles. They concluded using EIS analysis that the restored
IPMCs had higher ionic conductivities and higher Warburg
slopes, meaning that the diffusion rate was also higher
since the water leaking through the electrode cracks was
inhibited. These works represent the basis of EIS use for the
characterization of IPMC devices.

In Fig. 3, was bring together all the models that have been
proposed to date for processing impedance data for IPMC-type

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 All proposed models for processing impedance data from IPMC type devices.

devices. It is possible to observe that there are an infinite
number of models, from the simplest to the most complex,
some that consider the symmetrical character of the device and
a few transmission lines. In general, there is no or, at least,
almost no concern about the internal processes that cations
undergo when the device is polarized, a fact that leads to a low
representation of each of these models furthermore, failure to
consider these processes also leads the model to work in very
specific cases, making data comparisons between different
authors and devices difficult. Furthermore, the models were

© 2024 The Author(s). Published by the Royal Society of Chemistry

divided into equivalent circuits of the RC type, which also
include those that take Warburg element, symmetrical circuits
and finally, the few representatives that were found of
transmission lines.

2.2. Determination of ionic conductivity

In the case of the development of new ionomeric mem-
branes, the determination of ionic conductivity is
essential, as this property is decisive for the characteriza-
tion of the device. Through eqn (1), it is possible to estimate
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this parameter from the electrochemical impedance spectro-
scopy data.

_ d
°TRxS

1)

where d is the thickness of the polymeric film, S is the electrode
area, and R is the resistance obtained at high frequencies.

In this sense, Dai, Li, and Zhang® characterized the jonic
conductivity of IPMC made of ethylene vinyl alcohol (EVOH)
grafted with sulfonated polyethylene glycol (PEG). Graphitizing
PEG synthesized the ionomer into EVOH through the William-
son reaction and subsequent grafting of the sulfonated groups
at the end of the PEG side chain. This synthesis method
allowed us to vary the number of ethylene glycol (EG) units in
the side chains (and, consequently, their length) from 2 to 6
units. The results suggest a decrease in ionic conductivity by
increasing the side chain length up to 4 units. On the other
hand, an increase of up to 5 and 6 EG units increased the ionic
conductivity of the material. The authors explained this beha-
vior considering that, for an EG number >5, there is a large
enhancement of the hydrophilic domains, which leads to the
absorption of water to the point of coalescing and forming a
continuous path that contributes to ionic conductivity. AFM
confirmed this latter hypothesis. This is a fascinating example
of EIS data validated by observing morphology in explaining an
electrochemical phenomenon.

Kraton is the commercial name of a block copolymer of
styrene and ethylene/butylene with good mechanical proper-
ties, being cheaper and easier to obtain than Nafion.*" How-
ever, it does not exhibit any electrical or ionic conduction
property necessary to modify its polar groups. In this sense,
Inamuddin® prepared a Kraton-based IPMC plated with plati-
num, exchanged with Na' counterion, and measured the pro-
ton conductivity through impedance measurements. The
authors found that its conductivity was 4.25, more significant
than the Nafion-IPMC (17.2 S cm™ ' against 4.03 S cm ™ ') at the
same testing condition. On the other hand, Khan et al?*%
studied the ion mobility of Kraton modified with silver nano-
powder and Ag-decorated graphene oxide, concluding that the
Ag/GO further improves the ionic mobility of the membrane
and, consequently, the actuation performance of the device.
still, in another work, Khan et al.,®® besides characterizing the
ionic conductivity of IPMC made of sulfonated poly(1,4-
phenylene ether-sulfone) membrane modified with carbon
nanotubes (SPEES/CNT), also used impedance spectroscopy to
evaluate the electrical properties of the device containing
different concentrations of sodium sulfate. The authors found
better actuation responses due to the increased ionic conduc-
tivity of the synthesized membrane.

Tailoring the structure of ionomers to reach desired proper-
ties, such as charge accumulation on the interface between the
electrodes, is a path to developing new ionomeric polymer
transducers. In this sense, Leo et al.®® studied different levels
of branching sulfonated polysulfone with phosphine oxide and
the doping of electrode with RuO, particles in a volume fraction
varying from 0% to 45% gold films as the outer surface, which

1826 | Mater. Adv, 2024, 5,1817-1845

View Article Online

Materials Advances

reduce the surface resistivity. The EIS data made it possible to
infer a percolation threshold as the RuO, content increased,
around 22.5% of particle content. Water absorption from the
ambient environment increases the ionic conductivity by two
orders of magnitude regardless of the uptake level. Apart from
that, the water absorption did not affect the necessary intake of
the ionic liquid used as a counter ion (1-ethyl-3-methyl-
trifluorosulfonate) [EMIm|[Tf]. The magnitude of the impe-
dance versus frequency data for the electrodes suggests a direct
relationship between the volumetric content of RuO, particles
and the resistance of the polymer layer. For this unusual IPMC
transducer, a standard RC equivalent circuit was fitted through
an impedance, which may be hardly criticized by those who
consider the variety of nuances that this device has since it
has inorganic particles, branching, gold film, and ionic liquid
electrolyte.

As mentioned above, doping is one of the techniques
applied to enhance the conductivity of IPMC membranes. This
practice is not solely done in the electrodes but also in the
polymer matrix.*”®*® Jung et al® doped Nafion membranes
with TiO, anatase particles through the sol-gel method and
studied the electromechanical and electrochemical properties
of IPMC devices based on this doped polymer and Pt as the
electrode. They concluded that the bending deflection
decreased with higher TiO, content in the membrane while
the blocking force increased with higher TiO, content. EIS data
shows that the conductivity of doped membranes decreases
with increasing TiO, amount, notwithstanding an internal
resistance drop in the samples. The focus of this paper was
to use EIS to study ionic conductivity.

Regarding the Nafion modification, Safari et al.®° studied
the substitution of water for ionic liquids, changing the
counter-ion species (H" and Li*) and their weight rate. The
authors show that the ionic liquid-based actuators incorporat-
ing Li" presented the closest behavior to those of an ideal
capacitor and appeared to have the highest charge storage
capacity, consequently increasing the tip displacement. How-
ever, water-based TPMC actuators with Li* showed the highest
ionic conduction and displacement rate, which is related to the
formation of more prominent clusters in comparison with ionic
liquid-based actuators.

Ru et al.’"*? developed a different IPMC actuator by doping
water-soluble sulfonated multi-walled carbon nanotubes into
the Nafion matrix embedded with Li" and sandwiched between
palladium electrodes. This doping tried to overcome some
weak points related to conventional IPMCs, like the low ion
carrying capacity at low driving voltages. The authors brought
up in this research that adding sulfonated MWCNT into the
Nafion matrix could effectively shorten the hopping distance,
increasing the actuator’s ionic conductivity of 8.9 mS cm™"
from the pure Nafion IPMC to 16.65 mS cm ' of the Nafion
doped with 0.5 wt% sulfonated MWCNT actuator. Similarly,
Naji et al®® fabricated Nafion-based IPMC with sulfonated
graphene oxide (sGO) doped in the Nafion matrix to improve
ion transport and capacitance. Electroless deposition of plati-
num was used to fabricate the electrodes, and H" was utilized

© 2024 The Author(s). Published by the Royal Society of Chemistry
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as the counterion. As the sGO amount increases, the ionic
conduction also increases. For example, with 4.0 wt% of sGO,
the ionic conductivity is seven times greater than the pure
Nafion IPMC. The authors also comment that the ionic con-
ductivity is closely related to the size and number of ionic
clusters formed within the swollen Nafion membrane, and
Grotthuss describes it (hopping) and vehicular mechanisms.**
Both mechanisms can occur easier in the case of the Nafion
doped with sGO actuators than pure Nafion-based actuators
since they have higher water uptake content and ion exchange
capability.

It is well established in the literature that the type of cation
in the Nafion membrane changes its properties as an actuator/
sensor. However, it is interesting to mention the work of Aoyagi
and Omiya,”® which, in a contrary way, studied the effect of the
anion in the Na' mobility in a conventional IPMC, Anions of
different sizes (OH™, Cl~, NO;~, SO,>~) were investigated. The
authors concluded after the experiments that when ion
exchange was performed in solutions containing larger anions,
the cation concentration in the membrane tended to increase.
Therefore, the extent to which ion conductivity was increased
by ion exchange became large, as did the double-layer capaci-
tance at the cathode, indicating that solutions with larger
anions increase the tip displacement of the IPMCs actuators.

Even in the most recent works, using EIS to calculate IPMC
ionic conductivity is common. No further information is given
throughout the data obtained independently if the application
is an actuator’®™'%* or an energy harvesting device.'®® Thus, in
the following sections, we will present some other features for
IPMC devices using EIS.

2.3. Sensor performance evaluation

Assessing the performance of sensor devices with EIS is also a
path that one researcher can consider when assembling IPMC
devices for actuation, sensing, and energy harvesting. This
subchapter presents the central studies that have followed
this path.

In this way, Cha et al'® built a ring-shaped device for
underwater energy harvesting. This device was studied in five
different geometries by varying the inner radius (7 to 15 mm) of
the IPMC and maintaining the outer radius constant (30 mm).
To predict the IPMC sensing, a Randles circuit was used. In
conclusion, it was found that the ratio between the inner and
outer radius plays a crucial role in harvesting efficiency. Speci-
fically, it was demonstrated that two orders of magnitude could
enhance power delivery by controlling the IPMC geometry.

Gudarzi, Smolinski, and Wang'%>'°® used impedance data
to calculate the maximum frequency to which the pressure
sensor could respond. The sensor was a semi-conventional
IPMC based on Nafion, whose electrode was made from a
conductive paste of RuO, and ionic liquid of ethyl-methyl-
imidazolium, following a technique that the authors called
“Direct Assembling Method” (DAP). For the measurement, a
coin-sized sensor was placed into a tube, and the air was used
to pressure the sensor in some frequencies, compared with a
commercial one. The performance and sensibility cut-off of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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new device were the analyzed parameters. The authors con-
cluded that sensing could occur both by compression and by
shear excitations, whereby shear sensitivity was 1.6 times
greater.

Exploring methods to characterize sensors, Mohdisa, Hunt,
and Hosseinnia'®” worked with active sensing of IPMC-like
devices. This paper aimed to compare the frequency responses
and noise characteristics of the sensors’ voltage, current, and
charge measurements. Although the authors did not use impe-
dance itself, they used the concepts of impedance spectroscopy
to treat data in the frequency domain, which brought a new
perspective on sensing using this kind of device. This is an
interesting guide for the design of IPMC sensors because, with
the results, it was identified that each type of signal responds
better to a specific frequency range. Below 1 Hz, the current is
the best signal, while between 1 Hz and 10 Hz, both current and
voltage signals are suitable. Finally, at higher frequency ranges,
all the signals analyzed become suitable for sensing.

Even in the most recent works using IPMC as a sensor,'®
the use of EIS is to calculate the basic properties of the IPMC
device, even though the equivalent circuit proposed is simple
and doesn’t explain all the complexities of the device as it's
composed by a resistor in series with a perfect capacitor that is
in parallel with a Warburg element. As the sensor is made of an
IPMC, whose main property is the ionic conductivity of the
polymer membrane, describing all the device’s capacitance
with a perfect capacitor is critical.

Fig. 4 illustrates the classification made for the different
types of devices that can be found in the literature. Conven-
tional electrodes use any noble or quasi-noble metal deposited
on Nafion. The semi-conventional ones use other membranes
as polymeric material, or despite using Nafion, they have some
important modification in the electrodes used. Finally, the non-
conventional ones have only one similarity with the conven-
tional ones, the sandwich structure, with major modifications
both in the polymeric material and in the electrodes. These,
because they are more complex, represent a great difficulty
when it comes to modeling them.

Although many references about the IPMC variety were
commented on earlier, Table 1 presents the actual state-of-art
of this theme comprising all the literature describing composi-
tion of them.

3. Modeling and fitting

Despite its excellent application versatility, electrochemical
impedance spectroscopy often requires complex models to
explain and adjust the data obtained. Thus, the topic below
deals with the main methods of processing EIS data and some
interesting models proposed so far.

3.1. Models for impedance treatment

The equivalent circuit model is the most used model to
illustrate the obtained impedance spectra. In this model,
circuit elements are used to describe the processes that occur

Mater. Adv,, 2024, 5,1817-1845 | 1827
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Fig. 4 Schematic representation of some of the different types of devices and the classification given to them.

on the surface of an electrode.'®® This simple representation

often suggests a narrow understanding of the electrode vicinity.
As an example, it is possible to mention processes controlled by
diffusion, which were better explained in an equivalent circuit
proposed by Randles,'® where an element that does not have
an analogous in electronic systems called Warburg Element
(Z,)'®° is used. The Warburg element is a constant phase
element with an angle equal to 45° and |Z| magnitude inversely
proportional to the frequency value. Thus, at low frequencies,
when it tends to zero, the transport processes of electroactive
species contribute significantly. Similarly, electronic processes,
such as charge transfer, have the most significant influence
when the frequency tends to infinity.

Despite the complexity of equivalent circuits, they work very
well to describe homogeneous systems and/or slightly

1828 | Mater. Adv, 2024, 5,1817-1845

roughened electrode surfaces.'®” Porous electrodes and
percolated systems, in which the ionomeric polymers fit
very well, lack a complete model that can describe the
heterogeneities of the system.'®®'®® As stated, more com-
plete equivalent circuits can solve part of these heteroge-
neous systems; however, the transmission line model
stands out among the possible ways of treating impedance
spectra of this type.””%'”" As discussed by Levie,"”*'”? the
introduction of constant phase elements (CPE)'’* is essen-
tial to describe both the roughness of material’’>"'”” and
other aspects that may lead to anomalous diffusion,”®'7°
which is different from that proposed by the diffusion
theory."®® In general, for the construction of an impedance
spectrum data treatment model, the impedances of the
studied material (x,), the environment (y ), and the interface

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Types of IPMC, application, and counter-ion used in the literature

View Article Online

Review

IPMC Description Application Counter-ion
COnVentiOnal Naﬁon/ 6,28,29,54,68,90,109-131 Aauat0r26,28,29,54,58,59,68,78,90,109—114,116—119,128,130,131,133,136,138—141 H+ 26,29,54,90,109,112,113,128,130,135,137
Naﬁon/Au34,58,59,78,132—134 Energy Harvestin 52,53,115,120,121,129,135,137,142 Na+ 26,29,34,54,59,68,110,116,119,120,129,133,134,137-140,144
Naﬁon/Pdl357139 sensoring34,122,134,143 L1+ 26,29,34,54,90,137
Naﬁon/AgSZ,SB I<+,26,29 M 2+ 29
Nafion/Au-Pt** Ca®'*® TEA" 34133
H'/EG,"** EMIM",”° BMIM " **
BMIMPF,”® BMIMBF,*®
EMIMBEF,*%131
EMH;/gIlonlm
Semi- Nafion/Ppy-CB-MWCNT’*  Actuator’*8%1467151,153,155 H',1#91%0 Na* 7°
Conventional Naﬁon/AuNP_PAH7S Sensoring75,105,106,152 L1+ 74,89,105,106,147,148,151-153,155
Nafion-TiO,/Pt* Transducer'*® EMIM'0%:106
Nafion/RuQ,-EMI-TF*?*1%¢ EMI-TF/Li* **°
Nafion/Ru0,"** EMI" 146
Nafion/carbon-LI**®
Nafion/CNT/Pd**7:**8
Nafion/GO/Pt**°
MCNTs-Nafion/Pt**°
Nafion/Pt-EGaIn®*!
Nafion/Pt (engineered)'>
Nafion/Pt-PVP@AgNPs'>*
Nafion/Ppy-Pt'>*
Non- PVDF_PVP_PSSA/Pt73 Actuat0r73,84,85,102,128,154,156,1587163 H+ 73,84,102,128,154,156,158,161-163
conventional ~ Flemion/Au'*? Sensoring'* Lit 73132157
PVA/rGO-PANI*** Transducer®® Na'* 8159
PVA/rGO-CNT**¢ Unspecified">” TBA" 132
Pt-Pd (unspecified EMIM-Tf%¢

membrane)'*’

EVOH-g-SPEG/Ag/**®
Kraton/Pt,"*® Kraton/Ag"®°
GO-Ag-Kraton/PAni®*
SPEES-SWNT/Pt®*
sPSF-phosphine oxide/
RuO,*®
SPVC-PTA/Pt/***
KR-CuNPs/Pt'¢?
GQDs/pPt/*?®
SPVA-PANI-Pt/SA/'%
Pani - Pt/SPEEK'?

between these two ({) are considered. In a simple case, like
an electrode in a solution with a redox pair, the total
impedance of the system is the sum of each of these
elements in series (eqn (2)).

Z=y1+({+ 12 (2)

This approach works very well for less complex materials since
it is possible to consider that the surface processes occur
identically throughout the material, obtaining relatively simple
equivalent circuits."®" However, percolated systems can be
considered connected channels spread along the material.
Thus, the approximation that the local impedance is the same
in every part of the material does not work.’®> On the other
hand, it is possible to see that equivalent circuits are also used
generically to represent electrical transport characteristics
between the two phases. The elements y, and y, describe the
ohmic drop at each point along the channels. In contrast, the
element { describes the charge transfer at the pore interface
and is related to faradaic and polarization currents. As the

© 2024 The Author(s). Published by the Royal Society of Chemistry

branching of the elements of equivalent circuits is continuous,
the description takes place using differential equations so that
the total impedance of the system is physically analogous to a
transmission line.

The current resulting from the AC disturbance at the two
interfaces can flow along the two media considered. Thus, the
total electrical current of the system is given by the sum of
the currents on each side of the interface, which are parallel to
the surface. In contrast, the currents associated with electro-
chemical reactions and/or charging processes flow perpendicu-
larly. Across the surface,'®'** therefore, the elements y, y,,
and { must be thought of in such a way that the adjustment of
the impedance spectra can physically and coherently describe
the electrochemical phenomena, and this can be done using
elements of an equivalent circuit that are analogous to the
processes that may be occurring. In this specific model, the
migration process is negligible, and the processes represented
here are limited by diffusion transport. It is important because
it is possible to apply the 2nd Fick’s law'®® for diffusion
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processes to obtain the system’s impedance, even if the experi-
mental conditions are different."®®'%”

3.2. Models for IPMC modeling

Considering the different methods of handling impedance
data, the following section deals with the most discussed and
used models for modeling and adjusting electrochemical impe-
dance data for IPMCs. The work of MohdIsa, Hunt, and
HosseinNia'®® is a review of IPMC sensors that, among other
things, discusses grey and white box models of electromecha-
nical response modeling of these devices, even discussing some
of the works cited in this section. Although many studies have
presented mathematical models to describe the electromecha-
nical behavior of IPMC actuators and sensors, the concept of
electrical impedance has been used to develop some equations.

The first work cited about this is from 2006 when
Bonomo et al.**® developed a grey box approach containing
electrical impedance concepts to develop a mathematical
model composed of two subsystems (electrical and electrome-
chanical transductions) to describe a Nafion-based IPMC actua-
tor bending movement. The model was developed considering
the IPMC device as a beam pinned by one end (cantilever). The
electrical transduction was modeled using a generalized
equivalent lumped nonlinear circuit'*"** to convert the
applied voltage into an absorbed current. To aid the develop-
ment of this model, the electromechanical transduction was
resolved using a previous equation'®® with the basic concepts of
electrical impedance. After applying an electrical stimulus,
voltage, current, and tip displacement were obtained and
compared with the proposed model. The obtained results show
an excellent agreement between the simulated and the real
actuator response; hence, they represent a good validation of
the proposed model.

Fotsing and Tan'®" presented a model for the nonlinear
electrical dynamics of IPMC actuators through perturbation
analysis of the dynamics-governing partial differential equation
(PDE) around a given bias voltage. The PDE was solved by
power series expansion, considering a steady-state electric field
approximation under the bias with a piecewise linear function
for the perturbed charge dynamics. A bias-dependent impe-
dance model obtained from the perturbed electric field and
current captures the nonlinear nature of the IPMC electrical
dynamics and changes to a linear model when the bias is zero.

In 2013, Moeinkhah et al.**> developed, for the first time, an
analytical impedance and actuation model for an IPMC actua-
tor based on the distributed electrical circuit, using the RC
transmission line theory. The ionic migration in the polymer
membrane was modeled as a double-layer capacitor in an
equivalent circuit. In contrast, the energy loss and the stored
electrical charge were modeled as resistive and capacitive
elements. The resulting RC model was described by a series
of similar circuits with single elements. The Laplace transform
was used to develop an electrical impedance model based on a
simplified equivalent circuit. It was compared with experi-
mental data captured from,"** showing that it was effective in
modeling the IPMC actuation. Furthermore, the proposed
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model can be used for real-time control applications; it
can also be applied to other types of ionic polymer actuators,
and it provides information about charge density, current,
and voltage as a function of the actuator length and
frequency.

Since IPMCs can operate under different voltage conditions,
Cha and Porfiri'** studied a Nafion-based IPMC impedance in
response to an applied DC voltage bias. They suggested an
equivalent circuit model for small voltage inputs and an
equivalent circuit model under large DC bias voltage should
be used. It was proposed that a modified Poisson-Nernst-
Planck formulation was to account for the presence of steric
effects. The method of matched asymptotic expansions was
used to derive a semi-analytical solution for the electric
potential, the charge concentration in the IPMC, and a classical
Randles circuit model, as presented in a previous paper.®® The
model was verified by comparing IPMC counterion concen-
tration and electric potential predictions with finite element
results obtained using the commercial software COMSOL Mul-
tiphysics. The authors demonstrated that the relative thickness
of the composite layer has a major influence on IPMC impe-
dance since increasing the DC bias intensely decreases the
double-layer formation and mass transport. In contrast, the DC
bias has a secondary effect on IPMC chemoelectrical behavior
for thick composite layers.

Similarly, other authors have also studied the effects of
variations in metal electrodes on the behavior of IPMCs. In
2014, Nam and Anh"** developed a novel self-sensing techni-
que for an IPMC actuator based on the variation of surface
resistance effect during the bending movement, inspired by the
results in ref. 195. Therefore, the current equivalent model of
an IPMC actuator was based on an impedance model extracted
from Chen."*° It consists of a simple equivalent circuit contain-
ing only resistive and capacitive elements along the length of
the device. Since the surface resistance varies during the
bending operation, a variable resistance per unit length was
used. Based on this model and mathematical analysis, the self-
sensing ability of the IPMC actuator was discussed. It was
shown that if the voltage signals on the electrode surfaces
can be observed, the bending displacement of the IPMC can
be estimated correctly. However, this model is useful for a
slightly bent IPMC. As the bending radius increases, the
correlation between the resistance variation and the deforma-
tion becomes nonlinear, and the proposed method leads to an
inaccurate estimation.

A more complex physics-based model proposed by Shen
et al.'*® was used to investigate the electrical properties of
IPMC sensors. The authors assumed that the electrode is
composed of two parts. The upper part has resistive character-
istics, while the lower part has capacitive properties. Based on
the Poisson-Nernst-Planck system of equations, the current in
the polymer membrane was modeled. An experimental appa-
ratus was developed to test the impedance and measure the
electrodes’ resistance, capacitance, and surface electric
potential. The experimental data were compared with the
developed model, showing that the model can describe the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Literature references each modeling method's electrochemical impedance spectroscopy application

Model

Use of impedance

Equivalent circuit

Equation

Fractional order equivalent circuit model
Transmission lines

PNP modelling/equivalent circuit
Without description

device’s resistance, capacitance, and surface electrical
potential. Moreover, it was demonstrated that parameters
such as the size of the platinum particle, electrode thickness,
and defects have a major influence on the electrical
properties of the IPMC sensor. However, their influence on
sensing and actuating performance has not been completely
presented.

A model to describe a practical situation using these devices
was presented by Cellini et al'*® The authors prepared a
Nafion-based IPMC device with platinum electrodes for energy
harvesting induced by a steady fluid flow. The device could
transform a paddlewheel rotational movement into a periodic
linear motion of radian frequency, promoting large bending
movements in the IPMC. The electrical model was proposed
based on previous papers'®”'*° to describe the response of the
IPMCs through a single linear lumped circuit composed of a
resistor (ion diffusion), a capacitor (double layer formation),
and a voltage source (open-circuit IPMC voltage). An external
signal acquisition system was used to investigate IPMC energy
harvesting feasibility, studying the dependence of the power
delivery on both the speed flow and the resistance. Experi-
mental results showed that power harvesting is maximized for a
constant speed flow when the resistance matches the IPMC
impedance. Also, power harvesting increases with the speed of
flow. In general, the model agrees with experimental data, and
it can accurately describe IPMC power harvesting.

SamPour, Moeinkhah, and Rahmani**° described an elec-
trochemical viscoelastic model based on an impedance model
proposed by Moeinkhah et al.'®* Because the sensor signal is
proportional to the charge density and the device, this new
electromechanical model aims to predict quasi-static and
dynamic responses. For this purpose, the electrochemical
behavior is described by a transmission line model, which
could quantify the ionic charge density as a function of the

© 2024 The Author(s). Published by the Royal Society of Chemistry

Capacitance
“Black box” model***-*58
“Gray box”” model*®®
Electrode
Ionic conductivity
Device characterization
Modeling’
Performance?*
Sensor limits
Electrode*
Device characterization®?
Capacitance”
Modeling®"*

Ionic conductivity
Device performance’®*
Modeling®*®

Device
Modeling’
Device characterization®®
Device
Electrode
Capacitance'*®
Ionic conductivity

106,109,135

74,75,154,196
80,86,89,90,139,147-149,202
28,54,74,78,85,111-113,115-119,132,138,145,146,152,155,203-206
68,141,142,144,207-210

105

84,160

26,120,133
48,192

29,110,134,151,212,213
137

102,128,129,131,150,161-163

polymer length. Attention is drawn because the model is easily
solved since the current distribution is approximated as iso-
tropic. However, this is not always true, considering different
humidities and counterions. In addition, the most essential
information extracted from the data adjustment is the capaci-
tance, which is then related to the sensory methods using the
IPMC. In conclusion, the authors agreed with the predicted
data, covering the back-relaxation phenomenon.

The fractional-order equivalent-circuit model was used by
Doregiraei et al.,’®" and they had good accuracy with their
experimental and fitted data. However, for a model that relies
on the physical description of the devices, the local impedance
should not be considered the same in the whole molecule since
polymers have different chain lengths, which is the main
reason for their polydispersity. Furthermore, this model also
does not consider that some ionomeric microchannels (that
form the ionomeric channels) are open to the electrode, and
some are closed, which changes the local impedance of a
specific microchannel.

Table 2 summarizes the literature references that apply the
cited models and correlates to the applications found in each
of them.

4. Model proposal

For the proposal of a new model, the morphology of the
ionomeric polymer membranes should be considered.
Although there is no definitive model on how ionomeric
channels are organized, some models can be cited.>’* Among
them, the Cluster-Network, proposed by Gierke et al.,**>?'® and
the Phase-separation, proposed by Gebel,”’” are the most
accepted models. Both agree that after a certain degree of
hydration, the structure is a percolated network of channels
containing water molecules and solvated mobile ions (Fig. 5).
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Fig. 5 Schematic representation of an ionomeric polymer membrane
hydration process.

Thus, starting from the definition of the transmission line
models, it is easy to use this approach to model these ionomer
channels. As both models about ionomeric polymers point out,
there are two types of channels: the channels themselves and
the microchannels that connect them. They have different
contributions to the total impedance of the system since the
ion mobility in both is different. In addition, it was also
considered that the channels could be opened or closed for
the electrodes. Therefore, these two conditions contribute to
the electrode interface processes, varying the double-layer
capacitance.

The current resulting from the AC disturbance at the differ-
ent branches can flow in any direction along the two media
considered. Besides, the total electrical current that passes
through the system is the current sum that passes through
each system branch. Thus, following the law of electric current
distribution,*® in each position of the transmission line, the
currents in each branch vary on opposite sides; consequently,
when one increases, the other decreases. Therefore, it only
depends on the position being considered on the line. Conse-
quently, the potential distribution will also be a function of the
position (length L of the channel). With this in mind, we are
applying the two-channel transmission lines model*'®**°

(eqn (3)).

) 22 24,2 L
7=\ +/1(Xl +’Q)cot(—) 3)
11t 72 sinh(é) 11t 0 A

A
with 1 = ¢ .
1t X

One of the branches refers to the open channels for the
electrode (y ), and the other branch refers to the closed chan-
nels for the electrode (y,), and connecting both, there are the
microchannels ({). Figure shows the circuit elements used to
describe the impedance in the different channels.

In Fig. 6, it is possible to observe the new transmission line
superimposed on our interpretation of the different proposed
and accepted models of ionomeric channels. According to this
model, there are two types of ionomeric channels, those with a
large diameter (6 nm),*®" and connecting these, there are

1832 | Mater. Adv, 2024, 5,1817-1845
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micro-channels that are only a fraction of the size of the
channels themselves. Furthermore, where considered consider
2 types of ionomeric channels: open and closed. The open ones
are located at the edges of the polymer, they have Pt dendritic
electrodes inside and consequently, they have greater water
availability inside, probably exhibiting a slightly larger dia-
meter. To describe this channel, in addition to the Rionomeric
Qionomeric that describes ionic mobility, there is also the resis-
tance attributed to this dendritic electrode (Rejec), which
because of its tortuous shape, generally results in a delay
between its polarization and the arrival of the ion at the active
site. In turn, the closed channels are found more in the bulk
of the polymer and are therefore described only by Rionomeric
Qionomeric; as all their impedance is due to ionic movement
in a regime with a smaller amount of solvent than the open
ionomeric channel, a higher impedance for this branch.
Uniting both there are microchannels, also described only by
a RmicroQmicro, Whose small width leads to greater impedance.

Therefore, elements y , z , and  are represented by eqn (4),
(5) and (6), respectively. In turn, the general equation (eqn (7))
that describes the model should also add, in series, the
elements that describe the electrode. Resistance is sufficient
in a common metallic electrode; more complex electrodes will
need more complex circuit elements to be described.

Ly 1

2= Z 1 o
=t Qionomeric (]CU)

Rionomeric

+ Qai(jw)" (4)

(= )

=1 + Qmicro (jw)n

Runicro

L 1
X2 = Z 1 (6)
i=1

+ Qionomeric (jw)n

Rionomeric
vin 2

ZipmC = Zelectrode t . /{1_;{2 L+ L
T2 sinh (7
2 2 )

) L

A (M) coth (—) (7)
11t 0 A
with 1 = ¢ and L = L, + L,.
z1 T X2

Each channel is represented by a parallel RC circuit, in
which the capacitance is replaced by a constant phase element
(Q). This approach was used to represent both the delay in ionic
migration and its difficulty in occurring in a hindrance region.
As the average size of the microchannels is about 2-3 times
smaller than the channels themselves, greater resistance and
lower capacitance are expected. In addition, open channels for
the electrodes can suffer water loss more easily, either due to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Proposed transmission line model representation considering the
morphology of an ionomeric polymer, in this case, Nafion.

cracks in the electrode or electrolysis; thus, resistance and
capacitance should be different from closed channels. There-
fore, to validate and verify the performance of this model,
different conditions of relative humidity and counterions were
studied in the next subsection.

View Article Online

Review

4.1. Application and validation

The IPMC assembling method was performed in previous
works.”***" The measurements were carried out in a two-
electrode configuration inside a Faraday cage with a controlled
atmosphere humidity by an Arduino-based system, also
described before.>® The impedance data were obtained using
a Solartron frequency response analyzer (model 12604, from
Princeton Applied Research). The frequency was swept from
10 MHz to 400 mHz with an AC perturbation of 10 mV at
0.0 bias potential. Then, the data were adjusted using the least-
squares regression approach applied to the proposed equation
in a numeric computing platform, MATLAB. Two relative
humidities (RH, 30%, and 90%) and three counterions (H',
Li", and Na") were compared to verify the model’s versatility
and applicability.

The fit of data with multiple variables is usually done using
the least-squares method. This mathematical optimization
technique seeks to find the best fit for a data set to minimize
the sum of squares of the differences between the estimated
value and the observed data. However, depending on the

+ 0,
5004 @) H" 30% 0.16 o
o
a
400 - 0.08 ]
C
X 300 o
s 00816 024 032
Fg . . .
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Fig. 7 Nyquist spectra of IPMC samples with (a) H" at 30% RH and (b) H*, (c) Li*, and (d) Na* at 90% RH. The data is presented in black squares ((J) and

the fit as the red line (—).
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Fig. 8 Bode total impedance (above) and Bode phase (below) of each
IPMC-cation in 30% and 90% RH (for H*). The data are represented by
symbols and the adjustments by lines.

Table 3 Statistical parameters of fit performance for the different samples

Data 7 R Mean of residues (%)
IPMC-H' at 30% 9.87 x 107° 0.9841 7.24
IPMC-H' at 90% 6.23 x 10°° 0.9953 3.18
IPMC-Li* at 90% 8.12 x 10°° 0.9956 5.23
IPMC-Na* at 90% 2.26 x 107° 0.9991 3.51

number of variables, it is possible that when adjusting, there is
a local minimum; that is, the method does not find the best fit

I a) Equivalent Circuit

I Proposed model

I ¢) Transmission Line

Fig. 9 Frequently cited models used for performance comparison.
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for the data set, but it gets stuck in an adjustment that has good
values, but that is still not ideal. Thus, using iterative methods,
it is necessary to make several calculations to confirm that the
fit found is the absolute minimum of the system. With this care
taken, the method is quite robust to deal with any data type, as
long as the given equation is valid for the system in question.

Fig. 7 shows the Nyquist plots of several IPMC samples
under different moisture and counter-ion conditions with the
proposed model’s adjustment. Disregarding the noise pre-
sented at low frequencies for a 30% IPMC-H' sample, the
model fits well both in low and high frequencies, as seen in
the figures’ inset graphics.

In electrochemical impedance data analysis, it is also pos-
sible to attest to the good adjustment of the data by observing
the Bode graphs, particularly the Bode Phase, which is more
sensitive to the adjustment quality. Thus, in Fig. 8, it is possible
to observe the Bode graphs for all IPMC samples. The adjust-
ments are satisfactory throughout the frequency window, even
at high frequency, which tends to present many problems, as
discussed below. In addition, the x>, which measures the
quality of the fit, was below 1 x 10~* in all cases. Table 3
shows the fitting statistics.

Fig. 9 presents the most frequently cited models in the
literature for impedance data adjustment, ranging from equiva-
lent circuits (models a, b, ¢, and d) to transmission line models
(models e and f). In Fig. 9a, a modified Randles circuit is
presented. The D element describes the diffusional part of the
system and can be either a Warburg, an ideal capacitor, or a
constant phase element (CPE).”*’%5% Fig, 9b presents a very
recurrent model for composite materials in which there is a
measurable impedance difference between the different phases
of the material.”* Model ¢ and d are symmetric circuits in

le
Rb1 Q.
o b) Equivalent Circuit
Ros Wy
«

¢) Transmission Line I
-

d) Symmetrical Circuit I
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which the RC in parallel describes both IPMC electrodes’
response and the device resistance represented by R4, and
Rg,, respectively.”® Finally, the e and f models are transmission
lines used to predict the response of motion sensors by
impedance.'"*°* The model is a symmetrical version of the e
model. The electrode resistance is respectively R.; and Rcs. In
contrast, the property of the IPMC charge storage is represented
by the capacitance, and the ohmic loss for the electrodes is
described by the resistors R.; and R.;. The R 4, parallel to the
capacitor C,,, is related to the capacitive-resistive response that
IPMCs usually exhibit.

It is important to mention that the Randles circuit fits a wide
data range very well; however, the Warburg element must be
used cautiously, as it is a special and specific case of a CPE.
Furthermore, it describes the diffusion process of species free
to be transported from the bulk of the solution to the electrode
surface and vice versa, which does not occur within the iono-
meric channels since space is limited. Also, using an ideal
capacitor in the model must be done with a careful analysis of
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Review

the obtained data. Using a constant phase element is always
preferable because when it has a coefficient n = 1, its response
is the same as that of an ideal capacitor. When the semicircle in
Nyquist has any deformity, that is, it is not a perfect semicircle;
the response of the CPE will never be ideal. As shown in Fig. 7,
they all have some deformities, so an ideal capacitor would not
provide a good fit. Since both capacitor and constant phase
element refer to the same electrochemical response type,
electron flow delay, and charge separation have the same
physical meaning when proposing the model.

With these considerations in mind, the models presented
above were used to fit the IPMC-H* data, the most common
cation used in IPMCs, at two extremes: 30% and 90% humidity.
It is known that IPMC works best at high relative humidity, with
90% therefore being the most used humidity in the character-
ization of these devices. Thus, 30% was chosen to make a
counterpoint for a better comparison. The models were also
fitted using the least-squares regression approach applied to
the corresponding equations. Fig. 10a and b present the
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Fig. 10 Nyquist graphs of IPMC-H* at (a) 30% and (b) 90% of relative humidity, Bode total impedance graphs of IPMC-H™* at (c) 30% and (d) 90%, and
Bode phase graphs of IPMC-H* at (c) 30% and (d) 90%. The fitted data of each model is represented in lines.
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Nyquist graphs at 30% and 90%, respectively. The adjustments
of the different models are represented as lines, in which it is
possible to see that the adjustment of 30% was only satisfactory
for models a and b.

In comparison, in 90%, no model was able to adjust the data
at high frequency, at which the resistive-capacitive response
lies. At low frequencies, only models a and b appear to fit
successfully. However, observing Fig. 10c and d, where the Bode
graphs are shown, it is evident that no model could fit the data
at high frequency, especially for the 90% data. However, as
mentioned above, circuits a and b adjusted better than the
others.

In Fig. 11, the correlation graphs were obtained by the fit
versus the experimentally observed values to clarify the perfor-
mance of the studied models. Thus, as the fit gets better, the
closer the calculated points will be to the experimental value,
being presented closer to the diagonal dotted line that divides
the graph in half. Note that data noise at 30% was disregarded.
Although the proposed model showed performance and adjust-
ment much better than the other models, it is remarkable that

View Article Online
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there are deviations from the best correlation, in the |Z| at 30%
low frequency and Phase angle at 90% at high frequency. Also,
Table 4 presents the adjustment statistics for better compar-
ison. Note that all have great values of R* (above 0.96), although
the fit is not so good compared to the other values from Table 3.
Therefore, the R* value is not a reliable parameter to judge the
quality of the fit.

As mentioned during the presentation of the new model, the
models found in the literature generally performed very well in
adjusting the data for which they were proposed but were not
suitable for the data presented in this manuscript, as noted
above. Thus, this article proposes this new model and presents
the equation that governs it so that more data can be adjusted
to explore its robustness or contribute to its refinement.

In this new model, it is possible to perceive the contribu-
tions of different branches to the total impedance of the device.
As the polymer acquires water molecules, that is, it operates in
more humid environments, it is expected that the total impe-
dance of the system will decrease, but in addition, the so-called
open ionomeric channels will suffer a much more pronounced
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Fig. 11 Correlation graphs of the adjusted data from the different models for the total impedance data (|Z]) at (a) 30% and (b) 90% and for the phase
angle data at (c) 30% and (d) 90% of humidity. Data noise at 30% was disregarded.
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Table 4 Statistical parameters of fit performance for the different models
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IPMC-H" at 30%

IPMC-H" at 90%

Model e R Residues” (%) e R? Residues” (%)
a 1.81 x 107 0.9811 8.61 1.07 x 107 0.9945 6.16
b 6.34 x 107 0.9754 8.48 1.36 x 107 0.9968 9.62
c 5.22 x 107* 0.9801 15.1 7.10 x 107* 0.9562 16.6
d 3.52 x 1074 0.9821 16.8 413 x 1074 0.9952 12.8
e 9.79 x 10~ * 0.9476 9.61 2.27 x 1074 0.9842 10.5
Proposed 9.87 x 107° 0.9841 7.24 6.23 X 107> 0.9953 3.18

¢ Average of residues.

reduction in their Z value, mainly in the first moments of
change in relative humidity, which are therefore more impact-
ful on the rapid response of the IPMC at high humidity.
Likewise, microchannels will have a more significant influence
at high humidity, as their existence is closely linked to the
formation of a percolated network of ionomeric channels,
which is only achieved after a given amount of water is
absorbed by Nafion. Furthermore, it will be possible to perceive
the influence of the electrode deposited on the Nafion, as it is
now possible to see its individual contribution to the total
impedance of the device. However, we draw attention to the fact
that, depending on the electrode used, a simple resistance may
not be enough to overcome its complexity.

5. Final considerations

The fact that composites of the IPMC type are so versatile and
have a range of properties that make them great candidates for
smooth actuators, strain sensors with great sizing capacity, and
energy-collecting devices is due to their unique electromecha-
nical and electrochemical characteristics. However, such
features are still far from fully explained and modeled, making
gray-box models the furthest away in this regard. Robust
electrical and electrochemical models must be developed as
mechanical models to simulate and explain IPMCs completely.
In this sense, electrochemical impedance spectroscopy is a tool
that allows understanding the electrochemical phenomena
related to their properties. However, most of the articles found
in the literature that mention electrochemical impedance
spectroscopy as a characterization technique in IPMCs lack a
complete aim to understand this composite’s particularities
better. On the other hand, the lack of definitive models for
fitting EIS data prevents less experienced users of the technique
from further using its capabilities.

Several models in the literature work very well; however, they
have limitations or do not work for a wider range of relative
humidities, counterions, or IPMC operating potentials. In this
sense, the model presented here intends to be a complete
model that works in a wider range of operational possibilities
that the IPMC may face. The transmission line method fits very
well with the internal structure of the ionomeric polymer. It
allows the observation of some interesting phenomena that
occur when changing its hydration degree and the counterion.
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