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Abstract 

Electrochemical Impedance Spectroscopy (EIS) has emerged as a valuable tool for evaluating secondary batteries due 
to their efficiency and accuracy. However, interpreting the multifaceted impedance spectra derived from EIS demands 
a comprehensive grasp of the electrochemical context. This study focuses on devising and applying an Electrochemical 
Impedance Spectroscopy (EIS) model customized specifically for deciphering the intricacies of zinc-ion batteries. The 
model construction is tailored to the battery's complexities, enabling extraction of circuit elements that faithfully depict 
the system's dynamics. Moreover, this research investigates the relationship between parameters of the governing 
equations. Through experimental validation employing real-time EIS measurements from a zinc-ion battery prototype, 
the reliability and efficacy of the proposed model are confirmed. This validated model not only enhances our 
understanding of zinc-ion battery behavior but also propels advancements in utilizing this technology across various 
energy storage applications.  
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1. Introduction

The deregulation of the electric market and the push towards a de-carbonized electric power system have introduced 
significant challenges in energy conversion and storage systems [1-8]. Integrating renewable energies into the grid can 
play a significant role in resolving these challenges [9-12]. As the goal is to achieve a fully renewable energy supply by 
2050 [13], effective storage solutions are critical for maintaining reliability amidst renewable expansion, forming the 
backbone of a resilient energy infrastructure [14-16]. In the landscape of large-scale energy storage solutions, the 
significance of zinc-ion batteries has surged, heralding a promising era marked by their potential for high energy density 
and cost-effectiveness [17, 18]. Utilizing these batteries in grid-scale applications necessitates a meticulous 
understanding of their behavior and performance [19, 20]. One of the foremost characterization techniques vital in 
comprehending and optimizing zinc-ion batteries is Electrochemical Impedance Spectroscopy (EIS). This technique 
plays a pivotal role in unraveling the intricacies of battery dynamics, guiding advancements crucial for their effective 
integration into large-scale energy storage systems [21-23]. 

Impedance spectroscopy is not limited to battery analysis; its significance extends to material characterization and the 
study of various electrochemical cells like fuel cells, offering crucial insights into their performance and behavior  [24, 
25]. At the heart of zinc-ion battery behavior lies the movement of ions within the electrolyte and electrode materials. 
Governing equations encapsulating these ion movements elucidate the fundamental dynamics of these batteries [26-
28]. The diffusion of zinc ions across the electrolyte and their intercalation into electrode materials are meticulously 
governed by mass transport equations [29-32]. Understanding and modeling these ion movement equations are 
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instrumental in comprehending the intricate transport phenomena dictating the performance and lifespan of zinc-ion 
batteries. 

The interpretation of zinc-ion battery behavior using Electrochemical Impedance Spectroscopy (EIS) emerges as a 
cornerstone in identifying crucial performance indicators [33-36]. EIS not only enables the quantification of key 
parameters but also serves as a diagnostic tool, shedding light on impedance changes, resistance buildup, ion movement 
constraints, and capacity fade over cycling [37-39]. The elucidation of these phenomena through EIS facilitates the 
identification of underlying causes, such as electrode degradation, electrolyte interface evolution, and other factors 
contributing to impedance growth and performance degradation [25, 40, 41]. 

Understanding these facets is pivotal for optimizing zinc-ion battery design and operation, addressing challenges 
associated with resistance increase and ion movement constraints. EIS emerges as an indispensable tool, offering 
insights essential for advancing the performance and reliability of zinc-ion batteries in large-scale energy storage 
applications [29, 42, 43]. 

Within the domain of zinc-ion batteries, a notable gap persists in the comprehensive understanding and simulation of 
fundamental electrochemical processes . This paper endeavors to bridge this gap by delving into the modeling 
intricacies encapsulated within the governing equations governing ion movement, charge transfer kinetics, and 
impedance phenomena. By integrating these critical equations into a comprehensive framework and subsequently 
validating the model against experimental data, this study aims to contribute significantly to the foundational 
comprehension of zinc-ion battery behavior. Additionally, the research endeavors to elucidate the paramount 
significance of various parameters governing battery performance, shedding light on their interplay and impact on 
overall battery characteristics. The endeavor to unravel and comprehend these nuances not only advances the 
fundamental understanding of zinc-ion batteries but also lays the groundwork for future innovations and optimizations 
essential for their widespread integration into energy storage applications. 

2. Principal of EIS 

In essence, a Zinc-ion battery comprises vital components: a cathode, an anode, a separator, current collectors, and an 
electrolyte. As the battery undergoes electrochemical reactions, both electrons and Zinc ions traverse these 
components, each possessing resistive and capacitive characteristics [44]. Essentially, the elements within the battery, 
alongside the double layer present at the interface, form the essential circuit elements constituting the Zinc-ion battery's 
circuit model. These elements are interconnected in parallel and/or series configurations. While the impedance 
attributes of these circuit elements differ based on cell types and component characteristics, an overall impedance value 
can be derived by scanning the AC frequency within the 100 kHz to 10 mHz range [29]. The range for Electrochemical 
Impedance Spectroscopy (EIS) analysis is reliant on the typical response time dictated by the cell's constituents. 
Consequently, the low-frequency range, spanning from 10 Hz to 10 mHz, corresponds to the slower chemical zinc 
diffusion denoted as Warburg impedance. Subsequently, impedance related to charge transfer reactions emerges in the 
mid-frequency range, around 10 kHz to 10 Hz, followed by the relatively rapid transport process through the interface 
layer, measured at high frequencies of 100 kHz to 10 kHz. Analyzing impedance values within these frequency ranges 
entails employing EIS spectral fitting methodologies based on an established equivalent circuit model [45]. 

Electrochemical Impedance Spectroscopy (EIS) is a method used to measure resistance (R), capacitance (C), and 
inductance (L) by observing how a cell responds to an applied AC voltage. When a DC voltage is applied, Ohm's law 
governs the relationship between resistance (R), voltage (V), and current (I), as seen in conventional circuits. Similarly, 
in an AC-driven electrochemical cell, impedance Z(ω) (where ω = 2πf represents the angular frequency of the AC 
voltage) is expressed as V(ω) / I(ω), reflecting the principles of Ohm’s law adapted for an AC circuit. Impedance 
represents the resistance that impedes current flow when an AC voltage is applied, characterized by various circuit 
elements—such as resistors, inductors, and conductors—forming the overall impedance in the circuit. Real 
electrochemical systems comprise a combination of diverse circuit elements, making the use of impedance a more 
accurate representation than solely relying on a resistor in a circuit model. Additionally, when V is applied at angular 
frequency ω, V and I exhibit a phase difference Ø, denoting a specific relationship between  them. Here, Vm and Im 
represent the maximum values of V and I, respectively. 

The impedance spectrum can be illustrated in two distinct formats: firstly, the "Bode plot," displaying alterations in 
phase shift and magnitude across various applied frequency ranges, and secondly, the "Nyquist plot," graphing the real 
and imaginary components of Z(ω) using Cartesian coordinates. The Bode plot offers significant advantages in 
observing phase margins, especially when the system shows signs of instability through abrupt phase or magnitude 
changes. This characteristic makes it particularly valuable for scrutinizing sensors, filters, and transistors within 
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electronic devices. On the other hand, the Nyquist plot offers deeper insights into potential mechanisms or governing 
phenomena within an equivalent circuit model system. In the context of analyzing zinc-ion batteries, the Nyquist plot is 
more commonly employed due to its convenience in examining active reaction mechanisms, providing a clearer 
understanding of their characteristics [46]. 

Under specific scenarios where semi-infinite linear diffusion influences an electrochemical system, affecting both 
kinetic and diffusion control mechanisms, the Warburg impedance finds its place within the equivalent circuit model 
[47]. Figure 1 shows the circuit model and the Bode plot and Nyquist plot for this cell. To represent the mass transfer 
resistance due to diffusion limitation, the Warburg impedance takes on a distinct appearance a linear representation 
inclined at a 45-degree angle. Beyond simply accommodating bulk and polarization resistance losses, this model 
accommodates the polarization inherent in the zinc diffusion reaction. 

 

Figure 1 a)Bode plot and b) Nyquist plot of a full cell battery and equivalent circuit (33) c) schematic of a zinc ion 
battery 

3. Characterization of the Resistances 

The semicircle of the EIS spectrum is caused by the impedance of a layer that forms on the interface between the 
electrode and electrolyte. The first resistance depicted in Figure 1 is the ohmic resistance, which is a representation of 
ionic movement resistance.  The breakdown of the electrolyte produces this layer, which is known as the solid 
electrolyte interface (SEI) layer. The SEI layer affects the electrochemical characteristics of the anode material more 
than the cathode does. The surface coating, gradient, surface area, and other characteristics of the layer are changed. 
Additionally, some nanostructured anode materials, such as Fe2O3, MnO, and Co3O4, show reversible film formation, 
adding additional capacity above and beyond the theoretical capacity [48]. To study the behavior of the cell a constant 
potential is applied with changes in frequency. At low frequencies (10 Hz to 10 mHz), the response primarily reflects 
slow chemical processes like diffusion, often represented as the Warburg impedance. The diffusion of ions or molecules 
through the electrolyte or interfaces dominates the cell's behavior in this frequency range. This range represents slow 
transport phenomena, particularly the gradual movement of ions, typically observed through a linear trend in the 
impedance plot. In the mid-frequency range (10 Hz to 10 kHz), impedance reflects the charge transfer reactions 
occurring at interfaces or electrode surfaces. This range encompasses the kinetics of electrochemical reactions, such as 
the conversion between chemical species at the electrode-electrolyte interface. Analysis within this range provides 
insights into the reaction kinetics, with impedance behavior indicating the efficiency and speed of charge transfer 
processes. At higher frequencies, impedance is indicative of the relatively rapid transport processes through the 
interface layer. These frequencies often relate to the dynamics of the interface between the electrode and electrolyte, 
where quicker phenomena like adsorption/desorption occur. Analysis in this range sheds light on the efficiency of 
surface reactions and the behavior of species moving across the electrode-electrolyte boundary. Mass transfer 
equations at various frequencies enable the construction of equivalent circuit models that describe the cell's behavior. 
By applying voltage at different frequencies and analyzing the cell's response using mass transfer equations, researchers 
can gain insights into the underlying mechanisms governing ion transport, charge transfer, and electrochemical 
reactions within the electrochemical cell [49]. 
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4. Results 

4.1. Experimental Data 

In this study, the experimental data utilized in the analysis of electrode degradation rates was obtained from the 
comprehensive work conducted by Rajabi et al. [29]. The experimental data detailed by Rajabi et al. involved impedance 
spectroscopy tests conducted for different electrolytes of a zinc ion battery.  

4.2. Modeling Data 

Our research employs a one-dimensional modeling approach implemented using COMSOL Multiphysics, utilizing a finite 
element numerical technique to simulate the impedance spectroscopy behavior in our electrochemical system. The 
governing equations utilized in our model encompass the general mass transfer equation to and diffusion equation 
governing the transport of ions through the electrolyte, represented by Fick's second law as depicted below: 

∇. 𝐽𝑖 + 𝑢. ∇𝑐𝑖 = 𝑅𝑖  

𝐽𝑖 = −𝐷𝑖∇∅𝑖 (1) 

J is the diffusion flux (mole/m2s) and D is the diffusion (m2/s) coefficient of the species I and the last term is the 
concentration gradient and R is the amount of produced species i. This equation elucidates the concentration gradients 
of ions as a function of space and time within the electrolyte.  

Additionally, the model incorporates the Butler-Volmer equation (shown below) to characterize the kinetics of charge 
transfer at the electrode-electrolyte interface. This equation embodies the electrochemical reactions occurring at the 
interface, accounting for the transfer of charges between the electrode and electrolyte species. 

𝑖𝑏 = 𝑖0  {
𝑐0(0, 𝑡)

𝑐0
∗ exp [

𝛼𝑎𝑧𝐹𝐸

𝑅𝑇
] −

𝑐𝑟(0, 𝑡)

𝑐𝑟
∗

exp [
𝛼𝑟𝑧𝐹𝐸

𝑅𝑇
]} (3) 

𝑖 is the current density A/m2, 𝑐0 and 𝑐𝑟 refer to the concentration of the species to be oxidized and reduced, 𝑐0(0, 𝑡) is 
the time dependent concentration at the distance zero from the surface, E is over potential, and F is faraday constant.   

Capacitance is observed in an impedance spectroscopy of a full cell battery as a result of charge accumulation at the 
interface, multiple battery interfaces, and diffusion layers. 

𝑖𝑑𝑙 = 𝑖𝜔(𝜑𝑠 − 𝜑𝐼)𝐶𝑑𝑙 (4) 

𝑖𝑡𝑜𝑡𝑎𝑙 = 𝑖𝑑𝑙 + 𝑖𝑏 (5) 

The total current is the sum of capacitance current and current originated from voltage difference between the 
electrode, the bulk electrolyte and capacitance current.  

In this work, the data was obtained from an experimental test result, however double layer capacitance was optimized 
by comparing the numerical results with experimental data. The data is summarized in table 1. 
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Table 1 Model input data 

Name Amount Units Description 

D 1e-10 m2/s Diffusion Coefficient 

Cbulk 2 mole/ m3 Bulk Concentration 

Cdl 0.025 F/m2 Double layer interfacial capacitance 

K0 0.00001 m/s Heterogeneous rate of reaction 

𝒊𝟎 4.19 mA/cm2 Exchange current density 

Fmin 1 Hz Minimum frequency 

Fmax 100000 Hz Maximum frequency 

Xdiffmax Sqrt(D/(2*pi*log (Fmin))) m Maximum thickness of diffusion layer 

Xdiffmin Sqrt(D/(2*pi*log(Fmax))) m Minimum  thickness of diffusion layer 

Lel 2*Xdiffmax m Domain length 

Ael 0.000531 m2 Electrode surface area 

Vapp 0.005 V Applied voltage 

 

 

Figure 2 Schematic illustration of the model with the boundary condition 

This 1D model demonstrated in Figure 2, was meshed extremely fine with even finer mesh around the electrode. And 
constant concentration was defined for the right side of the domain. As shown in Figure 3a, the responses generated by 
our model closely matched the actual responses obtained from experiments. This close correspondence affirms the 
model's efficacy to study further on the important parameters. The depth of the diffusion layer, and Bode plot are shown 
in Figure 3b, and 3c with considering the same condition of the real battery of zinc ion battery and with 2M zinc sulfate 
as electrolyte and glass fiber as separator. Figure 3b illustrates the concentration of the  oxidation and reduction species 
(Zn2+ and Zn) vs the distance from the electrode.  

 

Figure 3 a) Nyquist Plot, verification of the model with experimental data b) the concentration of redux and oxidation 
species vs distance from the electrode surface c) Bode plot 

In this study, our focus was on evaluating the impact of key parameters on battery performance, aiming to understand 
their influence without directly altering the battery's constituent materials. The first parameter to study is the 
heterogeneous rate constant, which represents the kinetics of charge transfer at the electrode- electrolyte interface, 
playing a significant role in the impedance spectroscopy of a full battery.  A higher heterogeneous rate constant typically 
leads to a lower charge transfer resistance (R_ct) at the electrode interface. Consequently, a decrease in R_ct is observed 
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in the impedance spectra as depicted in Figure 4a. The relationship between the rate constant and confirms these results 
as well as shown below: 

𝑅𝑐𝑡 =
𝑅𝑇

𝑛2𝐹2𝐴𝐶𝑘0
(6) 

Mathematically, it is totally clear that increasing the rate constant would lead to a lower charge transfer resistance [50, 
51, 52], to explain more electrochemically, the higher rate constants facilitate faster charge transfer kinetics, reducing 
the resistance to the transfer of charges across the electrode-electrolyte interface. This manifests as a distinct decrease 
in the impedance spectra, especially in the mid-frequency range associated with charge transfer reactions. variations in 
the rate constant may lead to shifts in the capacitance features within the impedance spectra, particularly affecting the 
high-frequency regions associated with the double-layer capacitance. The second important parameter is the change of 
electrolyte concentration. Changes in bulk concentration affect the total amount of ions available for electrochemical 
reactions, which has subtle effects on impedance spectra in various frequency ranges. Increased bulk concentrations 
usually result in an increase in the total impedance magnitude, especially in the low-frequency regions, indicating 
modifications to the diffusion processes and electrolyte accessibility. Higher electrolyte concentrations often lead to 
increased ionic conductivity within the cell. This results in reduced overall impedance across the frequency spectrum, 
particularly at lower frequencies associated with ionic movement and transport as depicted in Figure 4b. However, it 
should be considered that higher concentration after  a specific point would lead to a higher viscosity that would 
decrease the diffusivity. Furthermore, changes in the diffusion coefficient affect ion mobility. The Warburg impedance, 
typically observed at lower frequencies, represents diffusional limitations or ion transport through electrolyte. Changes 
in the diffusion coefficient directly impact the Warburg impedance. Higher diffusion coefficients facilitate increased ion 
mobility, leading to a reduction in the Warburg impedance, indicating improved diffusional kinetics as can be seen in 
Figure 4c. Understanding these effects is crucial for evaluating ion transport dynamics, assessing diffusion limitations, 
and comprehending the electrochemical behavior of the system under study. 

 

Figure 4 The effect of different parameters a) The effect of rate of reaction, b) The effect of bulk concentration, c) The 
effect of diffusion coefficient  

5. Conclusion 

When evaluating secondary batteries, Electrochemical Impedance Spectroscopy (EIS) is a highly accurate and potent 
tool that provides deep insights into battery efficiency. But deciphering the complex impedance spectra obtained from 
EIS requires a thorough comprehension of the electrochemical background. This work explores the development and 
application of an Electrochemical Impedance Spectroscopy (EIS) model that is finely tuned to unravel the mysteries of 
zinc-ion batteries. Through circuit element extraction, the built model, tailored to the battery's complexities, faithfully 
captures the dynamics of the system. Our results validate the effectiveness and reliability of the proposed model 
experimentally using real-time EIS measurements from a prototype zinc-ion battery. This verified model not only helps 
us better understand how zinc-ion batteries behave, but it also speeds up the adoption of this technology for a variety 
of energy storage applications.  
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