
HAL Id: hal-03513346
https://hal.univ-lorraine.fr/hal-03513346

Submitted on 5 Jan 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

A General Equivalent Electrical Circuit Model for the
Characterization of MXene/Graphene Oxide

Hybrid-Fiber Supercapacitors by Electrochemical
Impedance Spectroscopy -Impact of fiber length
Julia Mainka, Wei Gao, Nanfei He, Jérôme Dillet, Olivier Lottin

To cite this version:
Julia Mainka, Wei Gao, Nanfei He, Jérôme Dillet, Olivier Lottin. A General Equivalent Electrical
Circuit Model for the Characterization of MXene/Graphene Oxide Hybrid-Fiber Supercapacitors by
Electrochemical Impedance Spectroscopy -Impact of fiber length. Electrochimica Acta, 2022, 404,
pp.139740. �10.1016/j.electacta.2021.139740�. �hal-03513346�

https://hal.univ-lorraine.fr/hal-03513346
https://hal.archives-ouvertes.fr


A General Equivalent Electrical Circuit Model for the Characterization of MXene/Graphene 
Oxide Hybrid-Fiber Supercapacitors by Electrochemical Impedance Spectroscopy – Impact 

of fiber length 

Julia Mainka1*, Wei Gao2, Nanfei He2, Jérôme Dillet1, Olivier Lottin1 

1 Université de Lorraine, CNRS, LEMTA, F-54000 Nancy, France 

2 Wilson College of Textiles, North Carolina State University (NCSU), 1020 Main Campus Dr 
Raleigh, NC 27606, United-States 

* Corresponding author: julia.mainka@univ-lorraine.fr, LEMTA, 2 avenue de la Forêt de Haye, 
54505 Vandœuvre-lès-Nancy, France 

Keywords: Electrochemical Impedance Spectroscopy (EIS), Equivalent Electrical Circuit (EEC), 
Transmission Line Model (TLM), Fiber-shaped Supercapacitors (FSCs), MXene 

Abstract 

Performance engineering of electrochemical energy-storage devices such as Supercapacitors 
(SCs) requires updated modeling capable of characterizing their electrical output in unique 
device geometries. In this work, an Equivalent Electrical Circuit (EEC) is developed to fit the 
impedance data of pseudo-capacitive and electrostatic fiber-shaped supercapacitors (FSCs). 
The model is applied for the interpretation of impedance data measured on FSCs made of 
reduced Graphene Oxide (rGO) and MXene in the case of pseudo-capacitors and pure carbon 
in the case of Electrical Double-Layer Capacitors (EDLCs) as active electrode materials, and 
polyvinylalcohol (PVA) gel infiltrated with sulfuric acid as the electrolyte and separator. The 
FSC charge storage behavior is modeled using a Transmission Line Model (TLM) including a 
finite Warburg impedance for pseudo-capacitance, and a Constant-Phase Element (CPE) for 
the electrostatic contribution. The high frequency part of the Nyquist plots is characterized by 
a 45° straight line and the use of a TLM clearly improves the fit quality compared to a Randles 
circuit usually used for pseudo-capacitor modeling. The difference between the two circuits 
becomes more visible as the length of the SC yarns increases, which is consistent with the 
observed increase in internal resistance with fiber length evidenced with the TLM. 
Furthermore, the fitting results indicate that the internal resistance of the TLM predominantly 
corresponds to the electrical resistance of the fiber, i.e. the electron conductive phase of the 
electrode, instead of the electrolyte ionic resistance in usual SCs. Finally, the low frequency 
part of the spectra is correctly modeled by a CPE without any leakage resistance, showing that 
self-discharge is not a significant issue for the electrostatic contribution, at least in the 
frequency range tested. 

1. Introduction 

Supercapacitors (SCs) turned out to be efficient devices for electric energy storage thanks to 
their much higher energy density vs. classical electrostatic capacitors, and power density vs. 
batteries. In Electrical Double-Layer Capacitors (EDLCs), charges are stored in the porous 
electrodes in a purely capacitive manner within an Electrical Double-Layer (EDL) [1, 2]. In 
several cases, additional pseudo-capacitive energy storage is possible, through underpotential 
deposition, redox reactions and/or ion intercalation [3, 4, 5]. This is the case in SCs including 
2D materials such as graphene oxide (GO) and transition metal carbides, nitrides and 
carbonitrides called MXenes [3, 6, 7, 8]. The energy density is thus improved but this may also 

mailto:julia.mainka@univ-lorraine.fr


lead to durability issues due to their chemical fragility which is further increased when using 
unique device geometries, such as Fiber-Shaped Supercapacitors (FSCs). 

The optimization of supercapacitors requires updated modeling that captures the physics at 
the material scale in order to characterize their electrical output. In the case of 
Electrochemical Impedance Spectroscopy (EIS), one way of modeling is using Equivalent 
Electrical Circuits (EECs), which are commonly based on the Randles circuit [9, 10, 11, 12, 13, 
14, 15]. The Randles circuit is depicted in its original form in Figure 1a). It is composed of a 
parallel connection of a charge-transfer resistance 𝑅𝑐𝑡 and a capacitance 𝐶𝑐𝑡 representing 
faradaic processes. Ion diffusion is taken into account through a finite Warburg impedance 
𝑍𝑊 connected in series to 𝑅𝑐𝑡. The Warburg impedance writes as [10, 11] 

ZW(ω) =
RW

√iωτ
tanh√iωτ (1) 

where RW stands for the diffusion resistance, 𝜏 is the associated characteristic time, 𝜔 the 
angular frequency (in rad) and 𝑖 the imaginary unit. The Warburg impdedance is associated 
with binary diffusion through a porous passive medium of finite length and derives from the 
solution of the Fick equations in the frequency domain. Eq. (1) is the most general form of the 
Warburg diffusion impedance, although the simplified expression corresponding to its high 

frequency limit lim
𝜔→∞

𝑍𝑊 = RW √iωτ⁄  can be encountered in the literature [4, 15]. It is worth 

mentionning that the derivation of the Warburg impedance is made under the assumption 
that diffusion is intrinsically coupled to charge-transfer in a faradaic reaction [16]. That is the 
reason why it is used for modeling reactant transport in electrochemical converters such as 
Polymer Electrolyte Membrane Fuel Cells (PEMFCs) [10, 11]. Finally, a series or high frequency 
resistance 𝑅𝑠 is added to account for the various electric and connective losses. The 
impedance of the Randles circuit in Figure 1Erreur ! Source du renvoi introuvable.a) writes 
then [11, 14] 

ZRandles(ω) = Rs + (
1

Rct + Z w(ω)
+ iω 𝐶𝑐𝑡)

−1

 (2) 

 

In the case of blocked electrodes such as for SCs, another capacitive element (𝐶𝑑𝑙) is also 
added in series as shown in Figure 1a) [15]. 

Figure 1b) shows the typical shape of an impedance spectrum obtained using the Randles EEC 
with a double-layer capacitance 𝐶𝑑𝑙  connected in series (Figure 1a)). The vertical low frequency 
(LF) line is obtained in the absence of a leakage resistance in parallel with 𝐶𝑑𝑙. It is observed 
only with system without self-discharge. Note that in addition to self discharge, the deviation 
from a vertical line at low frequencies can also originate from ion diffusion, adsorption or 
other charge transfer processes within the porous electrodes wich results in a multitude of 
characteristic time constants  [17, 18, 19, 20, 21]. The semi-circle at high frequencies is typical 
of such EEC. One common modification consists in using a constant phase elements (CPEs) 
𝑍𝐶𝑃𝐸 instead of capacitances. Using 𝑍𝐶𝑃𝐸𝑐𝑡

 instead of 𝐶𝑐𝑡 results in a depressed semi-circle 

with its center falling below the horizontal axis [12, 13]. Nonetheless, independently of the 
capacitive element, the shape of impedance spectra modelled with the Randles circuit is 
characterized by a loop in the Nyquist plot at intermediate frequencies. 

 



 

Figure 1: a) Randles equivalent electrical circuit (plain lines). The connexion in series with a 
double layer capacitance 𝐶𝑑𝑙  is used with blocked electrodes. b) Example of the shape of a 
typical spectrum in the Nyquist plot corresponding to the complete EEC in a). 

However, some SC impedance spectra exhibit a 45° straight line at high frequencies in the 
Nyquist plot that cannot be correctly modelled using a Randles EEC. Indeed, the Randles circuit 
is based on the assumption of an electrochemical reaction occurring at the interface between 
resistive and diffusive media [12, 13]. Note that the finite Warburg impedance considered 
alone also has a phase angle of 45° at high frequencies [4]. However, this does not impact the 
overall spectra of Randles EEC: the 45° straight line observed in SC impedance spectra arises 
at frequencies far beyond those of the Warburg impedance.  

Contrary to the Randles circuit, Transmission Line Models (TLMs) are well adapted to thick 
electrodes and relate the 45° straight line at high frequencies to charge transport – in general 
ion conduction - through their volume [4, 10, 18, 20, 22, 23, 24, 25, 26, 27] [28, 29, 30, 31]. 
TLMs were first introduced by de Levie for modeling the impedance of porous electrodes of 
EDLCs [27]. Such TLMs are composed of a network of individual RC elements accounting for 
capacitive charge storage in the EDL at the solid active material/liquid electrolyte interface, 
that are separated by internal resistances relative to charge transport (usually ion conduction) 
through the electrode volume [4, 20, 22, 23, 24]. The presence of faradaic processes in 
pseudo-capacitive SCs requires an unblocked TLM to account for a leakage or charge-transfer 
resistance in parallel to the capacitance [14, 18, 25, 26, 31, 32]. In addition, ion diffusion in the 
faradaic reaction can be modelled using a Warburg impedance connected in series to the 
charge-transfer resistance [9, 10, 19, 21, 33]. It can be shown that TLMs are actually a 
generalized form of Randles circuits for thick electrodes [10]. Finally, some impedance spectra 
sometimes have a HF line with a slope different from 45°: this is usually explained by 
inhomogeneous ion transport that may occur through thick electrodes and/or at high current 
densities [34]. 

In this work, the ability of a TLM EEC developed to fit the impedance spectra of three types of 
fiber-shaped SCs fabricated at the NCSU (pseudo-capacitive and EDLCs) is discussed in 
comparison to that of a Randles circuit. Differences lie in both the active materials and the 
electrical architecture of the FSCs: 

• FSC1: rGO/MXene hybrid fibers twisted together as the active electrode and stainless 
steel filaments as current collectors. 



•  FSC2: two commercial 1k-carbon fiber yarns twisted together as the active electrode, 
with no additional current collectors. 

• FSC3: activated carbon infiltrated in a single strand of 1k-carbon fiber yarn as the active 
electrode with no additional current collectors. 

The change in the active materials is expected to have an impact mainly on the expression of 
pseudo-capacitive (faradaic) and electrostatic contributions in the impedance of the devices. 
Therefore, the impedance model is designed to account for both contributions. It is shown 
that only the impedance spectra of short SC yarns (< 5 𝑐𝑚 for the herein called FSC1 devices) 
can be fitted using a Randles circuit, this because the potential drop along the fibers becomes 
significant when their length increases. A TLM seems thus more adapted than a Randles circuit 
as it takes the charge transport along the fiber length into account, through the internal 
resistance [4, 20, 22, 23, 24]. This expectation is confirmed as the internal resistance of FSC1 
devices increases with the fiber length. Furthermore, it turns out that the internal resistance 
of the TLM corresponds mainly to the electronic resistance of the fibers rather than to the 
ionic resistance of the electrolyte, which is the opposite of what is observed with more 
common devices [4, 10, 18, 20, 22, 23, 24, 25, 26, 27] [28, 29, 30, 31]. Finally, the low frequency 
part of the spectra was correctly fitted using a CPE without the need to connect a leakage 
resistance in parallel indicating that self-discharge is not an issue for electrostatic charge 
storage, at least in the tested frequency range. 

2. Experimental 

The experimental data underlying this work are obtained using fiber-shaped SCs with different 
electrode materials fabricated by wet-spinning, as explained in [9]. 

2.1. Fiber-shaped SuperCapacitors 1 - FSC1 

The devices denoted FSC1 in the following have electrodes made of a mixture of rGO and 
MXene. MXenes are two-dimensional early transition metal carbides, nitrites and 
carbonitrides obtained by selective etching of layered ternary transition metal carbides -𝑀𝐴𝑋 
phases- in acidic fluoride containing solutions [35]. The resulting MXenes have a general 
formula 𝑀𝑛+1𝑋𝑛𝑇𝑥, with 𝑀 the transition metal, 𝑋 the C and/or N atoms, 𝑛 an integer varying 
between 3 and 1, and 𝑇𝑥 representing the surface functional groups. The MXene used here is 
titanium carbide 𝑇𝑖3𝐶2𝑋, 𝑋 corresponding to -O, -OH or –F. Due to their particular 2D-shaped 
structure and composition, three types of charge storage mechanisms (faradaic, EDL and ion-
intercalation) are observed in SCs including MXene, the extent of each contribution depends 
on the electrode components and electrolyte type [7, 36, 37]. 

A Scanning Electron Microscopy (SEM) image, as well as a scheme of the electrode cross-
sectional structure and connection are depicted in Figure 2. Each electrode is composed of 
one ‘dual-core’ rGO/MXene yarn coated with gel electrolyte. The weight ratio of active 
material is  40wt% rGO and 60wt% MXene. The rGO/MXene fibers are soaked for a few hours 
in 1 M sulfuric acid (H2SO4)/Polyvinyl alcohol (PVA) solution to ensure satisfying diffusion of 
the electrolyte between the rGO and MXene flakes. Subsequently 4 rGO/MXene fibers are 
assembled around a stainless steel filament that acts as the current collector. This means that 
each electrode contains 8 rGO/MXene fibers and 2 stainless-steel filaments. The diameter of 
one single rGO/MXene fiber is of about 50 𝜇𝑚, resulting in a diameter of about 500 𝜇𝑚 for 
one electrode. The entire device is composed of 2 identical electrodes twisted together as 



shown in Figure 2b). If not mentioned otherwise, data are measured on 15 𝑐𝑚-long yarns that 
serve as reference case for the EEC model derivation. 

 

 

Figure 2: a) SEM image and b) scheme of the electrode cross-sectional structure and the 
electrical connection of a FSC1 device including. Each electrode is composed of one ‘dual-core’ 
rGO/MXene yarn coated with gel electrolyte (8 rGO/MXene fibers and 2 stainless-steel 
filaments in each electrode). Electric connections are on the same side in both cases. 

2.2. Fiber-shaped SuperCapacitors 2  and 3 (FSC2 and FSC3) 

Devices FSC2 and FSC3 have electrodes made of pure 1k carbon yarns that are commercially 
available. FSC2 uses two of 1k-carbon yarns in one electrode, where the two 1k-carbon yarns 
are twisted to form one electrode. FSC3 have electrodes made of a single strand of 1k-carbon 
yarn infiltrated with activated carbon, with only 1 yarn per electrode. The electrolyte is a 1 M 
sulfuric acid (H2SO4)/Polyvinyl alcohol (PVA) gel. The diameter of a single 1k carbon yarn is of 
about 110 𝜇𝑚, resulting in a diameter of about 155 ± 5 𝜇𝑚 per electrode of FSC2 and 160 ±
5 𝜇𝑚 per electrode of FSC3. The length of these devices is always 15 𝑐𝑚. 

Current collection is done at the same end for all devices as depicted in Figure 2b).  

The model derivation is based on impedance data measured in potentiostatic mode with a 
perturbation amplitude limited to 10𝑚𝑉 (peak to peak) around 0 𝑉 voltage in a frequency 
range between 10 𝑚𝐻𝑧 and 1 𝑀𝐻𝑧. 



 

Figure 3: Nyquist plot of an impedance data of the FSC1 (15 cm) measured with a perturbation 
amplitude of 10𝑚𝑉 (peak to peak) around 0V for frequencies 𝜈 ranging from 1mHz to 1MHz. 

Figure 3 shows the Nyquist plot of a 15 𝑐𝑚 FSC1 impedance spectrum. The spectrum consists 
of a straight line at the highest frequencies (HFs) typically associated with ion conduction 
through the electrode pores [27, 28, 29, 30]. In the case of  the fiber-shaped SCs, this HF 
straight line might be associated with the electronic resistance rather than the ionic resistance 
as for conventional SC: indeed, the electric transfer limitations are governed by the length of 
the yarns rather than, usually, the electrode thickness. This point will be addressed in the 
discussion section. At intermediate frequencies (IFs) the spectrum is characterized by a 
depressed semi-circle typical of faradaic charge transfer [4, 10, 11, 19, 21, 25]. Finally, the 
imaginary part of the SC impedance steeply increases at low frequencies, which is a signature 
of electrostatic charge storage such as EDL or ion-intercalation. The frequency relative to the 
transition between pseudocapacitive and electrostatic regimes is close to 39 𝐻𝑧. According to 
the shape of this EIS spectrum, there seems to be both electrostatic [5] and faradaic [3, 6, 21] 
charge storage, which is in agreement with the expectations for SCs incorporating MXene in 
acidic electrolyte: charge storage should primarily be due to redox processes [7, 8, 36, 37], but 
Zhan et al. [7] showed recently that the redox process was primarily due to Ti valence change 
and competed with electrostatic storage. 

Figure 4 shows the impedance spectra measured on a) FSC2 and b) FSC3. With pure carbon 
electrodes, an EDLC-like behavior is expected, i.e. without IF loop, a 45° inclined line at HFs, 
and a vertical line at LFs. Their impedance spectra serve thus for comparison with FSC1 with 
an additional pseudo-capacitive behavior due to their rGO/MXene electrodes. As for FSC1, the 
imaginary part of the impedance spectra steeply increases at LFs linked to electrostatic charge 
storage, most probably in the EDL. The depressed semi-circle at IFs is however absent in these 
spectra, which is in agreement with the expectations for EDLCs [27, 38]. Finally, the inclined 
line at HFs is associated with charge conduction through the electrodes. The transition 
between the HF and LF regimes occurs at frequencies around 120 𝐻𝑧 for FSC2 and 240 𝐻𝑧 for 
FSC3. Interestingly, the FSC3 impedance spectra (Figure 4 b)) exhibit two inclined segments in 



the LF region with a slope change at 0.6 𝐻𝑧 which is typical for activated carbon sample and 
might be linked with the wide range of pore-size distribution. 

 

 

Figure 4: Nyquist plot of impedance data of a) FSC2 and b) FSC3, both 15 cm in length, 
measured with a perturbation amplitude of 10𝑚𝑉 (peak to peak) around 0V for frequencies 
𝜈 ranging from 1mHz to 1MHz. 

3. Theory 

The EECs used in this work were developed to fit the impedance spectra of the fiber-shaped 
SCs fabricated at the NCSU. The requirements of the model were twofold: being sufficiently 
detailed to capture the main physics at the material scale while remaining sufficiently simple 
to be used for in-situ characterization. 



 

Figure 5: Equivalent Electrical Circuits used for fitting the impedance spectra of the FSCs 
consisting of a series resistance 𝑅𝑠, and a) a Randles-like or b) a TLM EEC representing faradic 
charge storage in thin or volumetric electrodes, respectively. A double-layer CPEdl is connected 
in series to account for electrostatic charge storage. 

As discussed in the introduction (Figure 1) Randles-like EECs are unable to reproduce the 45° 
straight line observed in the high-frequency domain of the impedance spectra of the fiber SCs. 
This is why a Transmission Line Model was adopted [10, 14, 27, 32]. Recent improvements on 
TLMs made it possible to include diffusion limitations under the form of a Warburg impedance 
[10, 31]. The resulting circuit is shown in Figure 5b): it consists of an infinite network of Randles 
circuits connected to each other via internal resistances 𝑅𝑖 accounting for charge conduction 
within the electrode. As mentioned earlier, in conventional SCs the electronic resistance of 
the active material is negligible compared to the ionic resistance of the electrolyte and 𝑅𝑖 is 
associated with ion conduction [4, 10, 18, 20, 22, 23, 24, 25, 26, 27] [28, 29, 30, 31]. In the 
present case however, the main direction of electronic conduction being the yarn length, it is 
expected that the electronic resistance dominates the ionic resistance (through the yarn 
thickness). 

Under the assumption of homogeneous electric properties, the TLM impedance writes [10] 

Z𝑇𝐿𝑀(ω) = √

Ri × (Rct + ZW(ω))

1 +
Rct + ZW(ω)

𝑍𝐶𝑃𝐸𝑐𝑡
(ω)

coth (√
R𝑖

Rct + ZW(ω)
(

Rct + ZW(ω)

𝑍𝐶𝑃𝐸𝑐𝑡
(ω)

+ 1)) (3) 

 

It can be shown that this TLM is a generalization of the Randles circuit for volumic electrodes 
[10]: i.e. thick, instead of thin flat electrodes in the case of usual SC or long, rather than short 
yarns in the present case. When 𝑅𝑖 becomes zero, the TLM impedance of Eq.(3) tends to that 
of the Randles circuit Eq.(2). Here, a constant phase element 𝑍𝐶𝑃𝐸𝑐𝑡

 is used instead of a pure 

capacitance. 

Eq.(3) applies to electrodes with pure pseudo-capacitive charge storage. However, the 
experimental spectra (Figure 3 and Figure 4) exhibit an inclined straight line at low frequencies 
indicating an additional electrostatic contribution. Eq.(3) was therefore completed by adding 
a double-layer constant phase element 𝑍𝐶𝑃𝐸𝑑𝑙

 in series to the faradaic circuit. It accounts for 

electrostatic charge storage as a whole -via the EDL and/or possibly ion intercalation for 
electrodes including MXene-, the extent of each contribution being still unclear [7]. This 
additional capacitive element is required to correctly fit the experimental data. 



It is usual in the literature to connect a resistance in parallel to 𝑍𝐶𝑃𝐸𝑑𝑙
 to account for self-

discharge [15, 22, 39]. In our case however, adding a resistance did not improve the fit of the 
experimental data for any of the tested devices, suggesting that self-discharge is not a 
significant issue, at least not in the frequency range that was tested.  Therefore, only a CPE 
was used for the electrostatic component to keep the number of parameters as low as 
possible. 

Finally, a series or high frequency resistance 𝑅𝑠 was added. It accounts for the various electric 
and connective losses, including the resistance related to the electrostatic charge storage 
linked with 𝑍𝐶𝑃𝐸𝑑𝑙

 (Figure 5). The resulting overall impedance is thus 

Z𝑆𝐶(ω) = Rs + Z𝑇𝐿𝑀/𝑅𝑎𝑛𝑑𝑙𝑒𝑠(ω) + 𝑍𝐶𝑃𝐸𝑑𝑙
(ω) (4) 

 

with the CPE impedance being given by [4, 40] 

𝑍𝐶𝑃𝐸𝑐𝑡/𝑑𝑙
=

1

(iω)𝛼𝑐𝑡/𝑑𝑙Q𝑐𝑡/𝑑𝑙
 (5) 

 

and 0 ≤ 𝛼𝑐𝑡/𝑑𝑙 ≤ 1 is the CPE exponent and 𝑄𝑐𝑡/𝑑𝑙  the CPE magnitude or apparent 

capacitance (in 𝐹. 𝑠−𝛼). CPEs allow to enhance the fit quality of Nyquist plots showing a 
depressed semi-circle centered below the x-axis that cannot be properly simulated with 
classical capacitances. This is often the case with porous electrodes, like in fuel cells and 
pseudo-capacitive SCs [4, 9, 19, 21, 41]. Nevertheless, discussion remains about the physical 
meaning of CPEs, with explanations being often linked to the porous nature of the electrodes 
such as surface roughness [42, 43], fractal dimension [44, 45] or pore size distribution [46]. 
Niya et al. [40] used anomalous diffusion theory to derive analytically the expression of the 
CPE impedance. They demonstrated that the CPE exponent 𝛼 is equal to the subdiffusion 
power and can give information about the impact of the porosity on ion diffusion. The case 
𝛼 = 1 corresponds to normal diffusion and the CPE impedance then takes the form of a pure 
capacitance. The lower the value of 𝛼 the more pronounced the impact of the pore space on 
diffusion. We observed that CPEs are required in the present case to obtain a satisfying fit and 
interpretation will be done in comparison to normal diffusion (𝛼 = 1). Note that although not 
being relevant for supercapacitor applications, inductive elements (𝛼 = −1) associated with 
the electric connection are sometimes added to the impedance model (e.g. [38]) in order to 
improve the estimation of the high frequency resistance 𝑅𝑠. However, they did not impact the 
fit quality nor the parameter estimation in the present case and were thus omitted to keep 
the model as simple as possible. 

4. Results and Discussion 

In this section, the ability of the two EECs of Figure 5 to fit the impedance data of the FSCs 
presented above is discussed. 

4.1. FSC1 data set 

Figure 6 shows the data measured for the FSC1 devices and the corresponding fitting curves. 
The blue line is obtained with the Randles-type EEC (Figure 5a)), while the red one corresponds 
to the TLM circuit (Figure 5b)). The estimated model parameters are given in Table 1. 



 

Figure 6: Nyquist plot of the impedance data measured for FSC1 devices shown in Figure 3 
and fitting curves obtained with the Randles (blue) and the TLM (red) EECs, respectively. Left: 
overall spectrum; right: close-up to high frequencies. 
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Randles 7.8 - 11.7 120 0.64 20.2 64.1 47.5 0.96 

TLM 6.8 9.4 9.6 67 0.74 22.8 62.9 48.0 0.96 

Difference [%] 15 - 22 79 -14 -11 2 -1 -0.2 

Table 1:  Impedance parameters estimated on the impedance spectrum of the pseudo-
capacitive yarns, i.e. FSC1 shown in Figure 6. 

The discussion is done by considering separately the intermediate to high frequency part (i.e. 
the loop) and the low frequency part (i.e. the inclined line) of the spectrum. 

There is no remarkable difference in the fitting curves at low frequencies (left side of Figure 
6). Indeed, electrostatic charge storage associated with the LF region is modeled identically in 
both EECs by a constant phase element 𝑍𝐶𝑃𝐸𝑑𝑙

. Consistently, both EECs yield comparable 

parameters of about 48 ± 0.5 𝑚𝐹. 𝑠−𝛼𝑑𝑙 for 𝑄𝑑𝑙 and 0.96 for 𝛼𝑑𝑙. The CPE exponent is close 
to 1, indicating an almost ideal capacitive behavior. As mentioned above, the LF part is 
correctly modeled by 𝑍𝐶𝑃𝐸𝑑𝑙

 without any leakage resistance. 

On the contrary, the fit of the loop depends on the type of pseudo-capacitive EEC (TLM or 
Randles) as can be seen on the right side of Figure 6. Despite using a CPE, the Randles cicuit is 
unable to correctly fit the 45° straight line at the highest frequencies. The TLM allows a better 
fit of both the HF inclined line as well as the depressed semi-circle at IFs. This difference in the 
fitting curves is also observed for the impedance parameters associated with the pseudo-



capacitive EEC, i.e. 𝑅𝑐𝑡 and 𝑄𝑐𝑡, 𝛼𝑐𝑡, 𝑅𝑊 and τ, for which we observe differences of 22%, 79%, 
14%, 11% and 2% respectively in comparison with the TLM parameters. The characteristic 
time of the Warburg impedance τ  is the parameter that is the less affected. The CPE exponent 
𝛼𝑐𝑡 is estimated by the TLM EEC to be 0.74 indicating a more important impact of the porositiy 
on pseudo-capacitive than on electrostatic charge storage. Finally, as the TLM gives a better 
fit at high frequencies, it allows a better estimation of the series resistance 𝑅𝑠. The importance 
of using a TLM instead of Randles EEC becomes more obvious when the HF 45° straight line is 
more developped, which is the case for longer fibers SCs, as shown in Figure 7a). The HF 45° 
line is linked to the internal resistance 𝑅𝑖  which increases with the fiber length, as shown on 
Figure 7b) (left side). 

 

 

Figure 7: a) Nyquist plot of the impedance spectra measured on FSC1 of different length. The 
fitting curves were obtained using the TLM EEC of Figure 5b). Left: overall spectra; right: close-
up to high frequencies. b) Internal resistance absolute value (left) and per unit length (right) 
identified from the fitting curves of a). 

 



The internal resistance 𝑅𝑖 of the TLM is 9.4 Ω for the 15 𝑐𝑚 long device, or 0.63 Ω. 𝑐𝑚−1 which 
is of the order of the electrical resistance of the rGO/MXene mixture, i.e. 1.19 Ω. 𝑐𝑚−1. The 
same order of magnitude is obtained by fitting the fibers of different lengths as shown in 
Figure 7b). This confirms that 𝑅𝑖 is governed by the electron conducting phase of the electrode 
(here rGO/MXene) rather than the ion conductive electrolyte. This is different from classical 
SCs where the electrolyte is the most limiting material in terms of charge condution, but easily 
explained by the fiber-shape of the devices. 

Four conclusions can be drawn from this comparison: 

I. Both pseudo-capacitive and electrostatic charge storage have to be considered in the 
impedance model. 

II. No improvement has been observed when connecting a leakage resistance in parallel 
to 𝑍𝐶𝑃𝐸𝑑𝑙

: self-discharge is either not an issue for electrostatic charge storage with 

these FSCs or does not manifest itself in the frequency range that has been tested. 

III. The faradaic contribution is significantly affected by charge transport inside the 
electrode, as can be seen through the 45° straight line at the highest frequencies; the 
longer the fibres, the more pronounced this effect. . Therefore, a TLM (Figure 5b)) has 
to be used  to correctly fit the impedance spectra of all devices. Using a Randles EEC 
(Figure 5a)) gives satisfying results only for short fibers (≤ 5 𝑐𝑚). 

 

4.2. FSC2 and FSC3 data set 

In order to test the validity of the EECs for a characterization of EDLCs, they have been used 
to fit the data of FSC2 and FSC3. The corresponding curves are shown in Figure 8. The model 
parameters estimated with the TLM EEC are summarized in Table 2 . 

As for FSC1, there is no remarkable difference in the fitting curves between the Randles and 
TLM circuits at low frequencies (left side of Figure 8 a) and b)), which is consistent with the 
use of a constant phase element 𝑍𝐶𝑃𝐸𝑑𝑙

 in both EECs to account for electrostatic charge 

storage. Again, the LF data are correctly modeled by 𝑍𝐶𝑃𝐸𝑑𝑙
 without any leakage resistance 

and the CPE exponent 𝛼𝑑𝑙  is close to 1, indicating an almost ideal capacitive behavior. 

The TLM  fitted satisfactorily the impedance data of FCS2 and FCS3 in both the IF and HF 
domains, whereas the Randles-like EEC was unable to fit the impedance at these frequencies. 
This is more pronounced for the spectra of FSC2 (Figure 8a)) than for those of FSC3 (Figure 
8b)), and consistent with the presence of a weakly developed depressed semi-circle (FSC3) or 
its absence (FSC2), since it is associated with faradaic reactions. On a modeling point of view, 
this is linked with relatively high values of the electrode resistances 𝑅𝑐𝑡 and 𝑅𝑊, which were 
estimated to 33.0 Ω and 56.3 Ω for FSC2 and 23.6 Ω and 219.6 Ω for FSC3. The associated CPE 
exponent 𝛼𝑐𝑡 is close to 1 for FSC2, whereas it is about 0.01 for FSC3 indicating a more 
significant impact on the porosity on charge transport through the electrodes when using 
activated carbon in addition to 1k carbon. 

Finally, the series resistance 𝑅𝑠 estimated by the TLM with the FSC3 data (Figure 8b)) was close 
to zero, indicating low or negligible contact resistances. 

 



 

 

Figure 8: Nyquist plot of the impedance data measured on a) FSC2 and b) FSC3 shown in Figure 
4 and fitting curves obtained with the Randles (blue) and TLM (red) EEC, respectively. Left: 
overall spectrum; center and right: close-up to intermediate and high frequencies. 
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Table 2: Impedance parameters estimated with the TLM circuit on the impedance spectra of 
the EDLC yarns, i.e. FSC2 and FSC3 shown in Figure 8. 

 



The internal resistance 𝑅𝑖 of the TLM EEC is of the order of 56.3 Ω or 3.7 Ω. 𝑐𝑚−1 for FSC2, 
and 67.6 Ω or 4.5 Ω. 𝑐𝑚−1 for FSC3. This is close to carbon electrical resistances, i.e. 
2.5 Ω. 𝑐𝑚−1 for FSC2 and 4.7 Ω. 𝑐𝑚−1 for FSC3 and confirms again that 𝑅𝑖 is governed by the 
electron conductive material of the electrodes (here carbon) . 

In summary, the analysis of the impedance data of the carbon SC yarns (FSC2 and FSC3, EDLCs) 
confirm the observations made with the rGO/MXene devices (FSC1, pseudo-capacitors), i.e. 
that both pseudo-capacitive and electrostatic charge storage have to be included in the 
impedance model to correctly fit the experimental data.  

5. Conclusion 

An Equivalent Electrical Circuit (EEC) of general use was developped to fit the impedance 
spectra of Fiber-shaped SuperCapacitors (FSCs). This model can be applied to Electrical 
Double-Layer Capacitor (EDLC) as well as pseudo-capacitive SC yarns made at the NCSU. FSCs 
with electrodes made of mixtures of reduced Graphene Oxide (rGO) and MXene in the case of 
pseudo-capacitors as well as pure carbon electrodes in the case of EDLCs were tested. The 
Nyquist plots were composed of a depressed semi-circle at intermediate frequencies and an 
inclined straight line at low frequencies, the extent of each contribution depending on the 
active electrode material: the faradaic loop almost vanished  in the case of the carbon yarns.  
At the highest frequencies the spectra exhibited a 45° straight line, which is typical of thick 
electrodes in planar or cylindrical supercapacitors, but was herein linked to the length of the 
yarns. 

The proposed impedance model  is composed of a Transmission Line Model (TLM) including a 
Warburg impedance for the pseudo-capacitive contribution connected in series to a Constant-
Phase Element (CPE) for electroctatic charge storage. Finally, a series resistance is needed to 
account for the various electric and connection resistances. 

The main conclusions are: 

I. Both the TLM and the CPE  have to be included in the impedance model to correctly fit 
the data, independently of the nature of the FSCs.  

II. In the presence of the 45° line at high frequencies, the use of a TLM clearly improves 
the fit quality compared to a Randles circuit as it accounts for charge transport along 
the fiber length though an internal resitance 𝑅𝑖. As expected, the difference between 
the two models becomes more visible as the length of the SC yarns and thus the 
internal resistance increases. 

III. It was confirmed that the internal resistance 𝑅𝑖 in the TLM corresponds to the electrical 
resistance of the electron conductive phase of the electrode, i.e. carbon in the case of 
EDLCs and rGO/MXene for the pseudo-capacitor yarns. 

IV. The low frequency part of the spectra is correctly modeled by a CPE without 
connecting a leakage resistance in parallel, showing that self-discharge (or possibly ion 
diffusion, adsorption or other charge transfer processes within the porous electrodes) 
is not a significant issue for electrostatic charge storage, at least in the tested 
frequency range. 

The next steps in the model optimization will concern the discrimination between the 
respective roles of EDL and ion intercalation in the electrostatic part and the identification of 



the apparent real capacitance. It would also be interesting to test the application of the TLM 
EEC in the time domain, i.e. on the charging/discharging curves. On a more practical level, the 
model will be applied to characterize the fiber SCs as a function of the electrode formulation, 
their length as well as the number of yarns per electrode and electrical connexion. 
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