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Abstract: A time-dependent electrochemical impedance spectroscopy (EIS) model is presented using
the finite element method (FEM) to simulate a 2D interdigitated electrode in an aqueous NaCl
electrolyte. Developed in COMSOL Multiphysics, the model incorporates ion transport, electric field
distribution, Stern layer effects, and electrode sheet resistance, governed by the Poisson and Nernst—
Planck equations. This model can predict the transient current response to an applied excitation
voltage, which gives information about the dynamics of the electrochemical system. The simulation
results are compared with the experimental data, reproducing key features of the measurements. The
transient current response indicates the need for multiple excitation cycles to stabilize the impedance
measurement. At low frequencies (<1 kHz), the voltage drop at the Stern layer is significant, while
at higher frequencies (>100 kHz), the voltage drop due to sheet resistance dominates. Moreover,
the amplitude of the excitation voltage influences the EIS measurement, higher amplitudes (above
0.1 V) lead to non-linear impedance behavior, particularly at low ion concentrations. Discrepancies at
low frequencies suggest that Faradaic processes may need to be incorporated for improved accuracy.
Overall, this model provides quantitative insights for optimizing EIS sensor design and highlights
critical factors for high-frequency and low-concentration conditions, laying the foundation for future
biosensing applications with functionalized electrodes.

Keywords: finite element method; electrochemical impedance spectroscopy; COMSOL model;
time-dependent analysis; simulations

1. Introduction

Electrical impedance spectroscopy (EIS) has emerged as a pivotal technique in elec-
trochemical sensing due to its non-invasive and label-free capabilities [1-4]. This method
facilitates the analysis of an electrochemical system subjected to an applied voltage or
current between working and counter electrodes. EIS is instrumental in assessing the
properties of both electrode surfaces and bulk electrolytes across various electrochemical
sensing applications [5,6].

The technique’s utility spans a wide frequency range, providing distinct insights into
the electrochemical system. At low frequencies (below ~100 Hz), EIS is particularly adept
at probing the electrode—electrolyte interface, giving vital information about electric double-
layer capacitance (EDLC) [5-7]. Conversely, at higher frequencies (above ~1 kHz), the
impedance response is predominantly influenced by the electrolyte resistance, as the effects
of the double-layer capacitance diminish. This frequency-dependent behavior underscores
the importance of understanding both the electrode—electrolyte interface and the bulk
electrolyte properties in optimizing sensor performance.

Finite element modeling (FEM) has become an essential tool for simulating electro-
chemical systems, enabling the exploration of various design configurations and system
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behaviors under different conditions, including geometry, surface morphology, material
properties, and ambient conditions [8,9]. COMSOL Multiphysics® is frequently used for
FEM simulations, allowing the integration of multiple physical phenomena, such as electro-
statics and electrochemical processes. While simplified models like the Randles equivalent
circuit provide a basic framework for understanding impedance behavior, they often fall
short in complex geometries and non-linear, time-dependent scenarios [10].

EIS functions by perturbing an electrochemical system using a sinusoidal signal,
such as an alternating current (AC) excitation potential, ¢(;) = ¢oSin(wt), over a broad
frequency range. The system’s response (if within the linear regime) is measured as a
corresponding sinusoidal current generated, I(;) = IpSin(wt + ¢), with a possible phase
shift ¢. According to Ohm’s law, the magnitude of the impedance is determined by the
ratio of the voltage amplitude to the current response amplitude, while the phase shift
corresponds to the phase difference between the peaks of the voltage and current responses,
as shown in Figure 1a.

Electrolyte
Z=\Z|+¢ R,
1zl = * /i, Ca
Working Ground
R,
ot electrode - electrode -EWV
t SiO, Cp:rl SiO, capacitance
(a) (b)

Figure 1. (a) The voltage excitation signal and current response to evaluate the impedance at a
particular frequency. (b) Schematic of the equivalent electrical components and elements for the
impedance electrode in an electrolyte for a planar two-electrode system.

Recent literature has reported numerous modeling efforts for EIS-based sensors
across diverse applications, including fuel cells, biosensing, and environmental moni-
toring [11-14]. Most studies have focused on stationary conditions, but only few have
explored time-dependent analyses (the transient period before the system turns station-
ary). One exception is a study on fuel cells using mixed ionic—electronic conducting
(MIEC) materials [12]. These investigations highlight the significance of transient response
analysis in understanding the kinetics of electrochemical reactions and the effects of rate-
limiting steps. However, time-dependent studies focusing on polarizable electrodes in
aqueous electrolytes—particularly concerning ion transport dynamics and transient phe-
nomena at the electrode—electrolyte interface, including the behavior of the Stern and Debye
layers—remains largely unexplored.

In this study, the development of a time-dependent model utilizing COMSOL Multi-
physics 6.2 (COMSOL AB, Stockholm, Sweden) to simulate the EIS response of a planar
interdigitated electrode sensor is presented. This model aims to compute ion transport
resulting from an applied excitation voltage, for a monovalent salt solution (e.g., NaCl) at
varying concentrations. The key aspects under investigation include the transient current
response, Debye layer analysis, the influence of applied excitation voltage, and impedance
evaluation at various excitation frequencies. Experimental validation is performed using
interdigitated electrodes made of bare platinum, with EIS plots derived from experimental
data compared against the simulations. Future work will involve functionalizing these
electrodes with bioreceptors to enhance selectivity, expanding the applicability of the model
in sensing technologies.
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The details of all the symbols used in this paper for equations are given in Table 1.
This article is a revised and expanded version of another paper, entitled “Time-dependent
modeling of an electrochemical impedance spectroscopy-based sensor’, which was pre-
sented at the “11th International Electronic Conference on Sensors and Applications” on 26
to 28 of November 2024 [15].

Table 1. Overview of used symbols and their definitions.

Symbol Details

c; Concentration of ion species i [mol/ m3]

D; Diffusion coefficient of species i [m2/s]
Z; Charge number of ion species i

As Stern layer thickness [m]
c Stern layer permittivity [F/m], which is €,s¢9, where €;s and ¢ are the relative

s permittivity of the Stern layer and that of free space, respectively

. Electrolyte permittivity [F/m]|, which is e,e9, where €, and € are the relative
lig permittivity of the electrolyte and that of free space, respectively

o Conductivity of the electrode material [S/m],

d, Electrode thickness [m]
Q Potential in the electrolyte [V]

Py=0 Potential at the working electrode [V]

Py=L Potential at the ground electrode [V]

P Applied external voltage at the working electrode [V]
n Normal unit vector to surface
Ji Flux of ion species i [mol/ (m? s)]
E Electric field [V/m]

2. Materials and Methods

In this study, an interdigitated platinum electrode pair on a silicon substrate, featuring
a Si0O; isolation layer, is utilized to validate the COMSOL model, as illustrated schematically
in Figure 1b. The model incorporates the parasitic effects introduced by the 500 nm thick
SiO, layer, which contributes to an additional parasitic capacitance, Cpar. Furthermore, the
sheet resistance of the planar electrode, Ry, is also accounted for in the model to ensure an
accurate representation of the system’s electrical behavior.

When analyzing such electrochemical system in a time-dependent analysis, the dy-
namic behavior can be analyzed. One of these behaviors is the spatial profile of the ions
near the electrode surface over time, consequently giving information on the buildup
of the Debye layer. The Debye layer thickness, xp, can also be determined theoretically,
xp = /€1gRT/ 2F2¢y,1x, for a monovalent symmetric electrolyte [16]. The theoretical
calculation of the Debye layer thickness assumes stationary conditions, neglecting time-
dependent changes, polarization effects, and non-ideal behavior. In contrast, a finite
element method (FEM) model can simulate dynamic ion behavior, account for complex
geometries, electrochemical reactions, and non-linear effects, providing a more accurate
and detailed analysis of the Debye layer formation over time.

2.1. Model Equations

The COMSOL model is developed as a two-dimensional framework to simulate
the voltage drop and ion concentrations within an electrolyte. To solve for both the
voltage distribution and ion concentrations across the domain, two governing equations
are employed: the Poisson equation, given in Equation (1), and the Nernst-Planck equation,
given in Equation (2) [17]. Moreover, the conservation of charged species and the dynamics
of ion concentration, given in Equation (3), is implemented.
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The Stern layer, which constitutes the innermost region of the electrical double layer
(EDL), is typically composed of ions with charges opposite to that of the surface, elec-
trostatically bound to it. These adsorbed ions exhibit no relative motion with respect to
the surface due to the strong adsorption forces. In contrast, ions within the diffuse layer
possess greater mobility, as they are not as strongly bound to the surface. Additionally,
the sheet resistance of the electrode introduces a resistive element at the electrode surface,
which is incorporated into the model as well. These factors collectively define the boundary
conditions at the electrode. At the working electrode boundary, the potential is expressed

Ji=—-D;Vc¢; — (2)

oci YR 3)

as the excitation voltage minus the voltage drop resulting from the sheet resistance (7% 41y and
the Stern layer thickness (Ag). This is similar at the ground electrode, except for the af)sence

Izqd

of the excitation voltage. In these boundary equations, the term —-< is the coefficient of

the sheet resistance drop and denoted as k,;, whereas the term —— S8 is the coefficient of the

Stern layer drop and denoted as k;. Both coefficients have different SI units (see Table 2) and
are fitted to experimental data to determine their values, which are subsequently verified
for physical consistency.

Table 2. Parameters and its values in the model.

Symbol Details
Bulk concentration of Na* and Cl™~ ions, respectively: 1 mM, 10 mM, and

Chulk 100 mM
Dy, Diffusion coefficient of Na*: 1.33-1072 m2 /s [18]

D¢y Diffusion coefficient of C17: 2.03-10° m? /s [18]

Z; +1 for Na* ion and —1 for Cl~ ion

As 0.5 nm [19]

Permittivity of the electrolyte, which is equal to the product of the
€lig relative permittivity,
€, = 80, and that of free space, ¢y = 8.854-10712 F/m
P 10 mV amplitude sinusoidal excitation voltage
f Frequency range: 0.1 Hz to 1 MHz
Electrode sheet resistance parameter. Varied range in simulations: 1-10713 to

ke 1-100 " m-s.

Details of the parametric analysis are given in Appendix A.
k Stern layer parameter: varied range in simulations 1-10711 to 1.10~10
s Details of the parametric analysis are given in Appendix A.
Cpar Parasitic capacitance from SiO, layer: 0.7 nF

The equations for the boundary condition at the working and the ground electrodes
are given in Equations (4) and (5).

€ligder AV -1 Elighs Yo

Py=0=Pn " o T T ar e I 4)

%
eliqdel dVe-n eliq/\s —
qoy:L Uel dt €S vq) " (5)

2.2. COMSOL Model Details

The system’s parameters and initial conditions, outlined in Table 2, must be specified
at the outset. These parameters are used in both the domain equations and boundary condi-
tions. To investigate the effect of bulk ion concentration, three distinct salt concentrations—
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1mM, 10 mM, and 100 mM—are utilized. A sinusoidal voltage excitation with an amplitude
of 10 mV is applied, accompanied by a frequency sweep ranging from 0.1 Hz to 1 MHz.

The design of the interdigitated electrodes (IDEs) used for model validation is depicted
in Figure 2a. Modeling such a geometry and scale in 3D would require substantially greater
computational time and resources. To optimize this, a 2D approximation of the IDE design
is utilized. This is achieved by considering the cross-section of half the electrode width
from the first electrode finger at one end of the IDEs and then aligning the meander spacing
between them. The IDEs are approximated as two parallel planar electrodes, with an
electrode spacing, S, electrode width W/2 (half the width of one electrode finger), and
a length equal to the total meander spacing, Ly,. This 2D representation of the parallel
planar electrodes is shown in Figure 2b, where the length Ly, is later accounted to scale the
current response. This approximation of the meandering towards the parallel electrode
may introduce inaccuracies, as it neglects the fringing effects of the electric field. The values
of all relevant model dimensions are provided in Table 3.

Electrodes ------ W/2 cut line — — Meander line
H(e((
[ — [— [ — [

A | | | I I I | I

| | | | | | | | |

| | | | | | | | |

‘ | | : | | | | | Working Ground

} } } : } } } : J‘ electrode electrode
J T W12 5 Wi2
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ITHHARBRAEA =

‘\ | | : I W | | T

| | | | | | 4> | | |

| | | | I | | | I
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(a) (b)

Figure 2. (a) Schematic representation of the IDE design for sensor validation in the laboratory.
(b) Approximation of the IDE configuration adapted for a 2D geometry in COMSOL simulations.

Table 3. Model dimension parameters and its values.

Symbol Details

Electrode width, W 600 um

Spacing between electrodes, S 600 um
Length of one electrode finger, L¢ 6 mm

Total meander length, Ly, 65.1 mm

Electrochemical cell height, H e 600 um

The model focuses on solving two key variables: the electrolyte potential (¢) and
ion concentration (c;). The Poisson equation (Equation (1)) describes the relationship
between the electrolyte potential and the spatial distribution of charge, which arises from
ion concentrations. Ion transport in the electrolyte, driven by the applied excitation voltage,
is governed by the Nernst—Planck Equation (2), which accounts for both diffusion and
migration processes. To determine the time-dependent evolution of ion concentrations,
the law of species conservation (Equation (3)) is used, linking the ion flux to changes in
concentration over time.

These governing equations are implemented within a time-dependent simulation
framework in COMSOL, utilizing two physics modules: electrostatics (es) and transport
of dilute species (tds). The electrostatics module solves for the electrolyte potential, while
the transport of dilute species module addresses the dynamics of ion concentrations. In
the es module, boundary conditions are defined for both the working electrode and the
ground electrode. The tds module is responsible for the ion properties, such as charge
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number, diffusion coefficient, and bulk concentration in the electrolyte. An excitation
voltage, ¢(t), with a specified amplitude and frequency, is applied to the working electrode.
It is assumed that the electrode surface is at its point of zero charge before the excitation
voltage is applied. However, it is recognized that an intrinsic surface charge typically exists
when the electrode is immersed in the electrolyte, even in the absence of an external voltage,
which may lead to discrepancies compared to experimental results.

At the electrode-electrolyte interface, the ion and voltage distributions evolve as the
Debye layer forms, a process occurring within a sub-micrometer distance from the electrode
surface. To accurately resolve this phenomenon, the mesh size in the simulation must be
fine enough to capture the behavior of the Debye layer. For low ion concentrations, such
as 1 mM, the Debye length is approximately 1 nm, necessitating a mesh size smaller than
this value. The mesh size close to the electrode surface is reduced in an iterative way
unless no change in the resulting current response is observed. In this simulation, a mesh
size of 0.01 nm (normal to the electrode surface) near the electrode surface is taken. A
mapped meshing technique is used with the non-linear distribution of the mesh size to
have very fine mesh close to the electrode surface (0.01 nm) and coarse mesh far from
electrode surface; e.g., at a 1 um distance from the electrode, the mesh size would be
0.12 pm.

The time-dependent study applies three periods of sinusoidal excitation voltage to
track the evolution of the potential and ion concentration in the electrolyte over time. In
cases where multiple excitation frequencies are considered, a parametric sweep from 0.1 Hz
to 1 MHz is conducted to analyze the frequency-dependent behavior of the system.

Upon completion of the simulation, the potential (¢) and the electric field (—V¢)
within the electrolyte are evaluated to compute the current response and, ultimately, the
system’s impedance. The current response is determined by calculating the surface integral
of the electric field normal to the electrode surface, as described in Equation (6), where
A represents the surface area of the working electrode. The impedance, Z, is character-
ized in terms of its magnitude, |Z|, and phase shift, both of which are depicted using
Bode plot representation. The magnitude of the impedance is determined, as mentioned
in Figure la, during the third period of the applied excitation. In this same cycle, the
phase shift is calculated by measuring the time difference, At, between the peak of the
excitation voltage and the corresponding peak of the current response. This phase shift
provides insight into the system’s dynamic behavior and is a key parameter in analyzing
the electrochemical response.

_>
dVe-n
Ly = ffein =744 ©)

2.3. Experimental

To validate the model, EIS measurements were performed. The experimental setup
used IDEs with 5 fingers per electrode, as shown in Figure 3a, made of platinum on a silicon
substrate coated with S5iO,. The measurements were carried out using a MultiPalmSens4
device and controlled by the software MultiTrace 4.5 from PalmSens BV (Houten, the
Netherlands). The system was configured to operate in potentiostatic mode with a current
range between 1 nA and 10 mA, with the direct current potential (Eq4.) set at 0.0 V and an
alternating current potential (Eac) of 10 mV amplitude, without pre-treatments.

The EIS data were collected by performing a frequency sweep ranging from 1 MHz
to 0.1 Hz. A total of 71 frequencies were measured, with 10 points per decade (total
duration of 3.2 min), to provide detailed frequency-dependent information about the
system’s impedance.

The electrodes were fully immersed in NaCl solutions of varying concentrations as
illustrated in Figure 3b. NaCl (Acros Organics, Geel, Belgium; >99.5% purity; CAS 7647-
14-5) was dissolved in deionized water to make a stock solution of 1 M NaCl, which
was used to prepare a 10-time dilution series of 100, 10, and 1 mM NaCl, respectively.
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Three different NaCl concentrations were tested: 1 mM, 10 mM, and 100 mM, all at
room temperature (20-21 °C). To ensure measurement accuracy, the electrodes were rinsed
thoroughly with deionized water between each test to eliminate any residual contamination
from the previous solution.

(a) (b)

Figure 3. (a) IDE sensor fabricated on a silicon substrate utilized for laboratory validation. (b) IDE
sensor immersed in an aqueous electrolyte during laboratory measurements.

3. Results
3.1. Transient Response

A time-dependent analysis was performed over three periods of voltage excitation to
capture the system’s behavior across a range of frequencies, from 0.1 Hz to 1 MHz. The
voltage and current responses over time for 1 mM and 100 mM ion concentrations at 100 Hz
and 464 Hz are illustrated in Figures 4a and 4b, respectively. The selected frequencies are
near the cut-off frequency for both concentrations, i.e., 100 Hz for 1 mM and 464 Hz for
100 mM ion concentrations. The cut-off frequency is the frequency at which the phase shift
between the applied excitation voltage and the resulting current reaches 45 degrees. This
marks the transition between the capacitive (double-layer capacitance) and the resistive
(electrolyte resistance) behavior in the electrochemical system.

X103 N ~ 4 X107 x1078 7 o~ X104
3.5

8 10

ST / 3 \ /

6 |/ | / 2.5 6t |
/ \ 2

ny \ \ 15

2

o
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Voltage (V)
o
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Figure 4. (a) Plots showing the applied voltage and the current response of (a) 1 mM NaCl electrolyte
at 100 Hz and (b) 1 mM NaCl electrolyte at 464 Hz.

Time (s)

3.2. Debye Layer Formation

In the transient analysis, as mentioned before, it is possible to observe the dynamics of
the electrochemical system, specially at the electrode—electrolyte interface. For example,
it is possible to observe the buildup of the Debye layer or ion profile near the electrode
surface at various frequencies and at specific moments in time. The computed voltage
profiles near the electrode surface for various frequencies at the moment of the voltage
peak (one-fourth of the period) where the applied potential value is 10 mV for 1 mM and
100 mM ion concentrations is shown in Figures 5a and 5b, respectively. These frequencies
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x1072

are chosen to show interesting regions, i.e., 0.1 Hz (lowest frequency), 100 Hz (near the
cut-off frequency for 1 mM concentration), 464 Hz (near the cut-off frequency for 100 mM
concentration), 2.15 kHz (frequency of the lowest phase shift for 1 mM), 10 kHz (frequency
of the lowest phase shift for 100 mM), and 1 MHz (highest frequency). Moreover, the x-axis
is adjusted to show the voltage profile up to 10 times the theoretical Debye length. The
theoretical Debye length, described in Section 2, for 1 and 100 mM ion concentrations are
9.63 nm and 0.96 nm, respectively.

9.5 ‘
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Figure 5. (a) Spatial profile of the voltage near the working electrode at various excitation frequencies
(a) for 1 mM salt concentration and (b) for 100 mM salt concentration.

3.3. EIS Results

The impedance response, including both the magnitude and phase shift, are derived
from the simulated current and excitation voltage, following the post-processing described
in COMSOL model details (Equation (6) and Figure 1a). The results are displayed in
Figure 6, which shows the Bode plots for a frequency sweep ranging from 0.1 Hz to 1 MHz
at different NaCl concentrations. The EIS data from lab experiments are also plotted; the
simulation results are labeled as ‘sim’, while the experimental values are denoted as ‘exp’.
Figures 6a and 6b compare the magnitude of impedance and phase shift, respectively, for
1 mM, 10 mM, and 100 mM NaCl solutions.
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Figure 6. Bode plot of impedance as a function of excitation frequency for 1, 10, and 100 mM NaCl

; T . T : .
102 100 10t 108 10° 10 10° 1o

solutions obtained from laboratory experiments and simulations. (a) Impedance magnitude (1 Z1) as
a function of excitation frequency. (b) Phase angle as a function of excitation frequency.

3.4. Influence of the Amplitude of the Excitation Voltage

The amplitude of the excitation voltage signal is an important parameter and needs
to be carefully chosen for reliable EIS measurements. Higher amplitudes can lead to
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-0.01F
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-0.05F
-0.06}
-0.07F,

2] (k2)

non-linear behavior of the system. Various amplitudes of excitation voltage are applied
(ranging from 10 mV to 0.5 V) to observe the effect on the current response and thus the
resulting impedance. The transient current responses for 70 mV and 0.5 V amplitude
applied potential are shown in Figure 7a,b. At higher amplitudes of the applied potential,
the current signal becomes distorted and includes second and higher harmonic components.
In lab experiments, the potentiostat only takes into account the first harmonic component
of the current response with the same frequency as the excitation voltage, either by a
lock-in technique or by a Fourier transformation. The magnitude of impedance is then
determined by dividing the magnitude of applied voltage by the magnitude of current
at the excitation frequency. To have experimental relevance, in our simulations, we use a
similar technique to determine the magnitude of impedance to study the effect of excitation
voltage amplitude.

0.07F\

0.06| \

0.05F| |

0.0af| |

0.03f
0.021

0.014|
I

Current (A/m)
Voltage (V)
Current (A/m)

(a) (b)

Figure 7. Applied voltage and current response for 1 mM concentration and 0.1 Hz at (a) 70 mV and
(b) 0.5 V excitation voltage amplitude.

The |Z| values for 1 mM and 100 mM ion concentrations at various amplitudes of the
excitation voltage are shown in Figure 8a. The deviation of the | Z| values as compared
to the respective |Z| values evaluated at 10 mV excitation voltage amplitude (denoted
as | Zjomy |) is depicted in Figure 8b. The effect of changing ion concentrations and the
applied frequency on this deviation at various voltage amplitudes is evaluated.

90
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Bl 1 mM - 100 Hz f

* % * % 70 4
& 604

10 4 * =
S 504

N
* N 404
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o 00 o * 304
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(a) (b)

Figure 8. (a) Values of |Z1 for 1 and 100 mM salt concentrations at various amplitudes of excitation
voltage. (b) Relative deviation of the |Z| values for various amplitudes of excitation voltage as
compared to | Zjpyv | at 10 mV amplitudes of excitation voltage.
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4. Discussion

In Figure 4, the time-dependent behavior of the current in response to the applied
excitation potential shows that the current peaks are lower in the initial period compared
to the final period. This observation indicates that the system exhibits time-dependent
characteristics and requires a finite duration to stabilize and reach a stationary condition.
In both Figures 4a and 4b, it took one period for the current response to reach a stationary
state, i.e., 10 ms and 2.1 ms, respectively. During this process, the current signal undergoes
a rapid transient phase before achieving a periodic steady state, at which point a constant
phase shift with respect to the applied voltage is observed.

For accurate EIS measurements, it is crucial to determine the number of periods
required for the current response to reach a periodic state before impedance estimation.
This insight is essential for experimental setups, as a predefined number of excitation
periods must be applied before impedance calculations can be performed reliably. En-
suring the system has reached steady-state conditions is vital to avoiding inaccuracies in
impedance measurements.

Another advantage of time-dependent models is the insight they offer in terms of ion
transport over time for various excitation frequencies resulting in insights in the dynamic
of the electrode—electrolyte interface, such as the development of the Debye layer. The
Debye layer characterizes how the electric potential decays from the electrode surface into
the electrolyte. According to the Gouy—Chapman-Stern model, the potential as a function
of distance x from the electrode surface decreases exponentially [19]. The Debye length is
the distance over which the potential decays to about 1/e (1 exponent, i.e., approximately
37%) of its initial value at the surface [20]. In Figure 5a,b, the voltage profile of the working
electrode for 1 mM and 100 mM is shown. At 0.1 Hz, it can be observed that the voltage
profile indeed decreases exponentially and the distance from the electrode surface where
the potential profile reaches 1/e of the potential at x = 0 is 9.94 nm for 1 mM and 0.93 nm for
100 mM ion concentrations. These values are in excellent agreement to the theoretical Debye
layer values (0.96 nm and 9.63 nm for 1 and 100 mM ion concentrations, respectively). The
decreasing-voltage profile of potential from the electrode surface decreases with the increase
in frequency, e.g., at 1 MHz, the voltage profile is a straight horizontal line with a negligible
gradient. Since with the increase in frequency, there is not enough time for ion transport
to create an ion unbalance near the electrode surface, and thus, the Debye layer or ion
segregation at the electrode surface diminishes with the increase in the excitation frequency.

In Figure 5a,b, the external voltage is 10 mV, but due to the Stern layer and sheet resis-
tance drop at the electrode surface, lower potential values (than the 10 mV) are observed at
the electrode surface (y = 0). This voltage drop is contributed by the Stern layer drop and
the sheet resistance of the electrode. The total voltage drop at the working electrode and
the contribution of the voltage drop due to Stern and sheet resistance for various excitation
frequencies are given in Figure 9, all calculated at the moment of maximum excitation
voltage. At low frequencies, such as 0.1 Hz, the drop at the Stern layer dominates and the
voltage drop at the sheet resistance has negligible effect because the charging currents are
low. With increasing ion concentration (from 1 to 100 mM), the Debye layers contain more
charge, resulting in a stronger electric field and larger voltage drop over the Stern layer.

At high frequencies, such as 1 MHz, there is insufficient time for ion transport to
build up a Debye layer, and consequently, the electric field and voltage drop over the Stern
layers is negligible. However, at these frequencies, the current over the sheet resistance
is highest (and conversely the absolute impedance is lowest, as in Figure 6a), resulting
in a higher voltage drop over the sheet resistance. Moreover, at higher frequencies, the
lower electrolyte resistance becomes comparable to the sheet resistance, especially for
higher ion concentrations. This means, practically speaking, that it is important to consider
the effect of sheet resistance at higher ion concentrations, as the total impedance—as a
series connection of electrolytes and electrodes—cannot become smaller than the electrode
resistance. Typically, sheet resistance values are in the order of 10 () per square [21]. At the
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cut-off frequency, for both 1 and 100 mM, there is an intermediate combined effect from
both the voltage drop due to the sheet resistance and Stern layer.

45

4

35

3

25

Voltage (mV)

1 mM 100 mM 1mM 100mM 1mM 100 mM
0.1Hz Cut-off frequency 1 MHz

m\Voltage-drop at Stern layer & Voltage-drop at sheet resistance

Figure 9. Voltage drop at the electrode surface due to the Stern layer and the sheet resistance for
various excitation frequencies and ion concentrations.

The comparison of impedance magnitude (1Z 1) and phase shift between simulated
and experimental data, in Figure 6, for ion concentrations of 1, 10, and 100 mM reveals
similar overall trends, though with some discrepancies. At 1 mM, both the simulated
and experimental results indicate that the onset of the low-phase-shift plateau, occurring
after the cut-off frequency, appears at approximately 1 kHz. At this plateau, the |Z|
value is around 2.7 k(), signifying primarily resistive behavior, as confirmed by a near-
zero phase shift. At frequencies exceeding 100 kHz, parasitic effects from the SiO;, layer
become evident, leading to a phase shift increase, reaching approximately 85° at 1 MHz
for the 1 mM concentration. Moreover, at higher frequencies, other parasitic effects such
as electromagnetic noises can have an effect since the experiments were not performed
in a Faraday cage, but in this model, this effect is not accounted for. For higher ion
concentrations (10 and 100 mM), the influence of parasitic capacitance shifts to even higher
frequencies, resulting in phase shifts of 56.9° and 23.3° at 1 MHz, respectively. This shift is
attributed to the reduced electrolyte resistance at higher ion concentrations, which shortens
the RC time constant in combination with the parasitic capacitance. Moreover, in Figure 6a,
the impedance values at the low-phase-shift plateau, representing the electrolyte resistance,
decrease with increasing ion concentration in both the simulated and experimental data.
However, this decrease is not strictly proportional, especially at higher concentrations.
For instance, the impedance decreases from approximately 2.7 k() at 1 mM to 0.34 kQ)
at 10 mM, an eightfold reduction corresponding to a tenfold increase in concentration.
However, between 10 mM and 100 mM, the impedance decreases only from 0.34 kQ) to
0.1 k), a reduction by a factor of 3.4. This suggests that at higher concentrations, the
| Z| plateau does not scale linearly with concentration and instead reaches a saturation
point. This saturation is likely due to the increasing contribution of sheet resistance. Once
the electrolyte resistance (Rs) drops below 100 (), the sheet resistance (approximately
35 (2) becomes significant. Therefore, when designing EIS sensors for high-concentration
conditions, it is essential to consider the limiting effect of sheet resistance. This model is
suited for polarizable electrodes typically from noble metals such as platinum, gold, and
carbon. Moreover, as electrolyte NaCl is used, other electrolytes can also be simulated
using their corresponding diffusion coefficient. Any reaction in the bulk electrolyte can be
accounted by using the rate of reaction, R;.
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At lower frequencies (<100 Hz), as shown in Figure 6a, the simulated impedance
data exhibit consistent slopes of approximately -1 per decade across all concentrations. In
contrast, the experimental data converge into a single curve at low frequencies (with a
slope of approx. —1/decade) but show an offset when compared to the simulated results.
This offset in | Z| is proportional to the electrolyte concentration; for example, at 0.1 Hz,

| Z1 increases by a factor of 2.4 when decreasing from 100 mM to 10 mM and by 2.8 when

further reducing from 10 mM to 1 mM. This behavior suggests that, in the simulations, the
electrical double-layer (EDL) capacitance is dominated by the concentration-dependent
Debye layer, as expected. In this model, the Stern layer is treated as having a fixed thickness,
independent of ion concentration, leaving the Debye layer to dominate at lower frequencies.
Interestingly, in the experimental data, all concentrations converge to a similar | Z| value
of approximately 420 k(), possibly due to Faradaic reactions or adsorption/desorption
processes at the electrode surface, which are not captured by the COMSOL model. For
future improvements in the model, a charge transfer phenomenon needs to be included
either for a limited Faradaic reaction or the adsorption/desorption of ions.

At higher frequencies, specifically around 1 MHz, the effect of parasitic capacitance
from the SiO; layer on the silicon substrate becomes significant, as depicted in Figure 6b.
At this frequency, the phase shift reaches approximately 23.3° for 100 mM and around
85° for 1 mM. This indicates that the parasitic capacitance from the SiO; layer introduces
a notable limitation, which must be considered when designing EIS-based sensors on
silicon substrates.

In the phase shift plots for the simulated data (Figure 6b), the phase shift approaches
90° at low frequencies (<100 Hz) for all ion concentrations, indicating capacitive behav-
ior. However, the experimental phase shift data deviate from this ideal behavior, with
values lower than 90°—approximately 80° at 0.1 Hz—and a further decrease in phase
shift as frequency decreases. This trend suggests the presence of additional mechanisms
not accounted for in the current model at low frequencies, which will be addressed in
future work.

So far, for all the simulations, an excitation voltage of 10 mV amplitude is used. For
experimental EIS measurements, excitation voltage around this value is chosen, typically
below 25 mV [22,23]. Whereas this value is typically selected by default, a higher amplitude
would be beneficial to keep the signal-to-noise ratio higher; on the other hand, a higher
voltage amplitude can result in a non-linear voltage—current relation. Therefore, a higher
limit of the excitation voltage needs to be determined where the voltage—current is in
linear regime. In Figure 7, it is evident that at higher amplitudes of excitation voltage, the
current no longer remains in linear relation to the applied voltage and contains significant
higher harmonics (notably at twice the excitation frequency). Moreover, the current value
does not increase linearly to the increase in the voltage amplitude. As in Figure 7, for
an approximately seven-time increase in the voltage amplitude (from 70 mV to 0.5 V),
the current signal’s highest peak increases roughly 35-fold. The remarkable pattern (in
Figure 7b) of double current peaks at high-voltage amplitudes can be explained as follows.
First, notice that for the conditions in Figure 7a (f = 0.1 Hz and a low excitation amplitude of
70 mV), the electrode current is 90 degrees out of phase with the applied voltage, consistent
with the Bode plot of Figure 6b. In that case, for every increase in the applied voltage, ions
will be further separated, resulting in a positive polarization current. In Figure 7b, whenever
the applied voltage exceeds the linear threshold (of about 0.1 V), the ions will drastically
separate further, giving rise to an additional current peak. Similarly, for negative voltages
decreasing below —0.1 V, an additional negative current peak is observed. Overall, this
results in four current peaks per period of applied voltage: a second harmonic in current
for non-linear voltage excitation. This means that with the increase in the amplitude of the
excitation voltage, the measured |Z | value will decrease, even when other parameters for
the system are kept constant. This is also evident in Figure 8a, where the |1 Z| decreases
when the voltage amplitude increases above 0.1 V. The voltage—current response is in
linear regime till 0.1 V; after that, | Z| decreases significantly for both 1 and 100 mM ion
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concentrations at 10 Hz. The decrease is sharp in the case of 1 mM; this means that for
lower concentrations, the limitation of the applied amplitude is lower than at higher ion
concentrations. This is also shown in Figure 8b, in that up to 0.1 V, the deviation from
| Z1omv | (impedance at the lowest excitation amplitude, 10 mV) is within 10% for various
concentrations and frequencies. Above 0.1 V, at 0.1 Hz, the deviation increases significantly,
reaching 72 and 42% for 1 and 100 mM, respectively. Therefore, 0.1 V can be considered as
an upper limit of the excitation voltage. The deviation at higher concentrations is lower,
meaning for higher concentrations, such as 0.1 V, the excitation voltage can be increased
further (between 0.1 and 0.2 V). Moreover, at higher frequencies, the effect of amplitude
becomes smaller; at 0.5 V and 1 mM, the deviation for 10 and 100 Hz is 82 and 11%,
respectively. Therefore, for EIS applications where only higher excitation frequencies are
needed, such as determining the conductivity of an electrolyte, higher excitation voltages
(e.g., 0.5V at frequencies >100 Hz) can be applied. This gives a good range of excitation
potentials for achieving higher signal-to-noise ratios for EIS measurements. However, at
such higher voltages, the effect of Faradaic reactions also need to be considered when
designing experiments.

5. Conclusions

A time-dependent EIS model was successfully developed using finite element analysis
in COMSOL Multiphysics to simulate ion transport under external excitation voltage. The
model was validated against experimental data for NaCl solutions.

The transient analysis demonstrates that at lower frequencies and low ion concen-
trations, the voltage drop across the Stern layer is the most pronounced, but it decreases
significantly at higher frequencies. For higher ion concentrations, both the Stern layer and
sheet resistance contribute to the overall voltage drop, even at high concentrations. This
highlights the critical need to consider the impact of sheet resistance in high-frequency EIS
measurements, especially in systems with low electrolyte resistance.

The time-dependent model also demonstrated the importance of simulating multiple
excitation cycles to achieve a stabilized current response, providing practical insights into
the number of cycles required for accurate impedance measurement. The comparison
between simulation and experimental data showed good agreement at the largest part of
the frequency range. Parasitic capacitance effects from the SiO, layer on the silicon sub-
strate became evident at the highest frequencies near 1 MHz, underscoring the importance
of considering parasitic capacitance in silicon-based sensor designs. At lower frequen-
cies, the experimental impedance data converged across ion concentrations, whereas the
simulations exhibited frequency-dependent offsets, particularly in phase shift. This dis-
crepancy suggests that additional physical effects, such as Faradaic processes or electrode
interface dynamics, may need to be included into the model to improve its accuracy at low
frequencies. Future work will aim to refine the model by addressing these limitations.

The effect of the excitation voltage amplitude has been investigated in the simula-
tions. A critical threshold of 0.1 V was identified, beyond which significant deviations
in impedance occur, particularly at lower ion concentrations and lower frequencies. The
practical implication of this finding is that the excitation voltage amplitude may be se-
lected higher than the typical default, which can improve the signal-to-noise ratio in the
EIS experiments.

Overall, the developed time-dependent model offers significant insights into the
processes governing EIS measurements. It provides a valuable tool for optimizing the
design of EIS-based sensors and experimental parameters, demonstrating its utility in
sensor development.
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Appendix A

Determination of Sheet Resistance and Stern Layer Thickness Parameters Using
Parametric Analysis

The sheet resistance parameter, k.|, and the stern layer parameter, k, are both evalu-
ated through a partial factorial analysis where a combination of both of these parameters
with a wide range of values are simulated. The resulting EIS data from a simulation using
these combinations are then compared with the experimental data, and the parameter
combinations with the least deviation are chosen. The values for both parameters analyzed
in this study are given in Table Al. The total number of combinations of k,; (five values)
and ks (four values) is 20. Among these combinations, the one with the best fit to the
experimental data for 1 mM and 100 mM ion concentrations are chosen.

Table A1. Values of kel and ks parameters used for combinations.

Parameter Values Unit
Ke 1-10713,5.10713,1.10712,5.10" 12 and 1.10~ 1! m-s
ke 1-10719,5.10-19,1.10%and 5-10—° m

The deviation of the EIS simulation results using various ke and ks combinations
from the experimental data is analyzed by using the mean square root difference. Since
the | Z1| in the bode plot is in log scale, the root means square deviation of the log of the
ratio between simulated, | Z1¢ and measured, |1 Z1,, as shown in equation Al. Whereas
for the deviation in the phase shift, A¢$, simple root means square difference between
simulated phase shift, A¢_, and the measured phase shift, A¢,,, is evaluated, as given in

Equation (A2).
2
fmax IOg ﬂ
log deviation in |Z| = | ) {low (A1)
i=fi

fmax 2
Y (Apy — A
Deviation in A ¢ = \/ — ‘( (PN Pm) (A2)

Here, fiuqy is the maximum frequency of excitation and N is the number of frequencies
applied. From the analysis of the 20 different combinations, the best fit to the experimental
data is found for the kg values of 1-10713 and 510713 m-s, and for ks values of 1-10719,
and 5-1071% m. The four best combinations with least deviations for 100 and 1 mM ion
concentration is given in Tables A2 and A3, respectively.
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Table A2. Selected parameter combinations with the lowest deviation of |Z| and ¢ from the experi-
mental values for 100 mM.

Value of kg ks Log Deviation in Deviation in A¢
Parameter No. (m-s) (m) 1Z1 (Degrees)
Parameter 1 110713 1.10-10 0.171 5.7
Parameter 2 5.10"13 1.10°10 0.171 15.24
Parameter 3 5.10~13 5.10~10 0.178 13.1
Parameter 4 1-10713 5.10~10 0.177 4.95

Table A3. Selected parameter combinations with the lowest deviation of |Z| and ¢ from the experi-

ment for 1 mM.

Parameter No Value of k, ks Log Deviation in Deviation in A ¢
’ (m-s) (m) 1Z] (Degrees)
Parameter 1 110713 1-10710 0.171 15.5
Parameter 2 5.10°13 110710 0.171 15.5
Parameter 3 5.10"13 5.10-10 0.178 15.8
Parameter 4 1.10713 5.10710 0.177 15.7

Since the deviation analyses in Tables A2 and A3 provide an average effect over differ-
ent frequencies and can sometimes be misleading, the EIS plots for each of these parameter
combinations in Tables A2 and A3 need to be plotted to have a better understanding. These
plots are shown in Figures A1 and A2 for 100 and 1 mM ion concentrations, respectively.

g g
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(a) (b)
Figure A1. EIS plot for comparison between the experimental data and the simulation results with various
ke and ks parameter combinations for a 100 mM ion concentration. (a) |Z| plot and (b) phase shift plot.
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Figure A2. EIS plot for comparison between the experimental data and the simulation results with various
ke and ks parameter combinations for a 100 mM ion concentration. (a) |Z| plot and (b) phase shift plot.
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In the case of 1 mM, all the combinations from Table A3 show almost overlapping
values, so any combination from this table would provide the best fit. In the case of 100 mM,
although the value of deviation (from Table A2), especially in |Z1, show close values, it
appears from Figure A1 that parameter 3 has a good fit, especially in the high-frequency
range. Therefore, among these combinations, parameter 3, i.e., ko = 5.107 1 m-s and
ks = 5:107 10 m, was chosen for further analysis.
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