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Abstract: This study investigates the electrochemical behavior of TizCoTx MXene for super-
capacitor applications, focusing on its charge storage mechanisms using Electrochemical
Impedance Spectroscopy (EIS). A novel equivalent circuit (EC) model, incorporating a
diffusion layer resistance and a constant phase element, was developed to represent the
impedance spectra, achieving a low error margin of 4.6%. The cycling stability of MXenes
and charge storage parameters were evaluated using the developed EC model. This study
demonstrated that the irreversible anodic oxidation of MXene begins around 0.3 V due to
water molecule attack from the aqueous electrolyte, resulting in the formation of a titanium
oxide layer that increases charge transfer resistance and impairs charge storage. It was
further revealed that the cycling stability of MXene is also related to the oxidation of MXene,
and the initial capacitance of 493 F/g at 100 mV /s is reduced by 27.5% after 1000 cycles.
The contribution of charge storage factors was analyzed, with 85% of MXene’s capacitance
found to be surface controlled. This research offers a deeper understanding of MXene's
charge storage mechanisms, providing critical insights into optimizing its electrochemical
performance and stability. By establishing advanced modeling approaches and addressing
challenges related to oxidation and resistance, this work enhances MXene’s potential for
high-power supercapacitors in electromechanical actuator applications.

Keywords: electrochemical impedance spectroscopy; equivalent circuit model; MXene;
charge storage mechanism

1. Introduction

Power-dense applications, such as flight control surfaces in aircraft and launch vehicles,
have traditionally relied on hydraulic actuation systems. However, the shift toward more
electric solutions is gaining momentum due to their advantages in integration and life cycle
cost reduction. The development of electromechanical actuators has intensified the need
for efficient electrical power sources. These actuators must deliver high-power maneuvers
while ensuring sufficient mission energy density to support demanding duty cycles [1].

To meet these high-power requirements, a conventional battery-based approach in-
volves either placing multiple battery strings in parallel or investing in costly high-power
batteries. However, supercapacitors provide a superior alternative by offering rapid energy
discharge, high power density, and exceptional cycle life. There is a growing interest in
using supercapacitors (also called ultracapacitors or electrochemical capacitors) as power
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sources for electromechanical applications, particularly in space environments. This inter-
est is driven by their ability to deliver high power pulses with minimal heat generation,
operate across a broad temperature range (—40 °C to +65 °C), and sustain over one million
charge-discharge cycles [2,3].

Among emerging supercapacitor materials, MXene-based supercapacitors show signif-
icant promise. MXenes, a class of two-dimensional (2D) transition metal carbides, nitrides,
and carbonitrides, have revolutionized energy storage due to their metallic conductivity,
hydrophilicity, tunable surface chemistries, and layered structures [4-6]. These properties
enable high capacitance, rapid charge-discharge rates, and excellent stability, making them
ideal candidates for supercapacitor applications. Of all MXene materials, TizC,Tx MXene
has been extensively studied for energy storage applications due to its superior electrical
conductivity and better stability [7,8]. The breakthrough study by Lukatskaya et al. (2013)
revealed the pseudocapacitive effect of TisC,Tx MXene, leading to volumetric capacitance
values as high as 442 F/ cm? [9]. Ghidiu et al. demonstrated that Ti3Cy Ty free-standing
electrodes in 1 M H,SO4 achieved an impressive specific gravimetric capacitance of 246 F/g
at 2 mV /s scan speed, along with a volumetric capacitance of 910 F/cm3 [10].

Despite these advances, fully optimizing MXene-based supercapacitors for high-power
electromechanical actuator applications requires a deeper understanding of their charge
storage mechanisms. Addressing these knowledge gaps is critical for harnessing MXene's
full potential, enabling their effective integration into high-performance energy storage
systems for next-generation electromechanical applications.

Charge storage mechanisms in supercapacitors are primarily governed by two factors:
electrical double-layer capacitance (EDLC) and pseudocapacitance. In EDLCs, charges are
stored in the porous electrodes in a purely capacitive manner within an electrical double-
layer (EDL) [11-13]. In several cases, additional pseudocapacitive energy storage is possible
through redox reactions and/or ion intercalation [14]. This is the case for 2D materials
such as graphene oxide (GO) and MXenes [14,15], where energy density is thus improved.
MXenes exhibit a dominant pseudocapacitive charge storage behavior, facilitated by redox
reactions at the surface functional groups and intercalation of ions within the interlayer
spacing [16].

Advanced electrochemical techniques, including cyclic voltammetry (CV), galvanos-
tatic charge—discharge (GCD), and Electrochemical Impedance Spectroscopy (EIS), collec-
tively provide a comprehensive understanding of the electrochemical processes involved in
the charge storage mechanisms of MXene-based systems, guiding the optimization of their
design. EIS is a very powerful technique to characterize electrochemical phenomena, such
as ion transport kinetics, interfacial resistance, and charge transfer processes, occurring
at different frequencies in supercapacitors and provides information about their resistive
and capacitive behavior and the identification of diffusion-limited processes. In EIS, the
impedance is represented as a complex quantity as shown in Equation (1).

Z(w)=2Z"—jz" 1)

where Z’ (the real part) corresponds to resistance (R), and Z” (the imaginary part) corre-
sponds to 1/wC, with C as capacitance and w as angular frequency. A Nyquist plot is often
used to visualize these components, plotting Z’ on the x-axis and Z” on the y-axis [17].
For supercapacitor electrodes, a typical Nyquist plot is shown in Figure 1. It exhibits three
distinct features: a semicircle at high frequency, a tilted linear section at middle frequencies,
and a vertical tail at low frequencies. At very high frequencies, ions cannot penetrate pores
or layers due to insufficient time, leaving only the external surface accessible, which makes
resistive components dominant. Conversely, at very low frequencies, ions fully penetrate
the layers, charge saturation dominates, and the electrode behaves as an ideally polariz-
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able porous interface, resulting in a vertical line on the Nyquist plot. In the intermediate
frequency range, resistance and capacitance become frequency-dependent, and diffusion
processes play a significant role.
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Figure 1. Typical Nyquist plot for a supercapacitor.

Nyquist plots can be used to model electrochemical processes in MXene interfaces
through the equivalent electrical circuit (EC) [3,18,19]. The EC assists in quantifying charge
storage parameters like different resistances and capacitances involved in the system.

To date, very few studies have been performed on exploring MXene’s charge storage
mechanism using an EIS study. Aguedo et al. studied MXene-modified electrodes using EIS
to prepare effective electrochemical biosensors [20]. Mainka et al. studied EIS data and a
general EC model to characterize fiber-shaped MXene/graphene oxide supercapacitors [21].
Hui et al. used EIS and a basic EC to model hydrothermally treated MXene and study its
electrochemical activities [22]. In other studies, EIS was used to observe the qualitative
electrochemical behavior of MXenes, without using any EC for quantitative studies [22,23].
Hence, the knowledge on MXene's electrochemical processes for film-type supercapacitor
application is still scarce. A low-error general EC to represent the electrochemical charge
storage mechanisms in MXene is yet to be established.

The development of an EC from the EIS data requires in-depth understanding of
the electrochemical behavior of MXene at different conditions. Chen et al. investigated
how transitions in surface functionalization affect MXenes’ pseudocapacitive behavior in
acidic environments. They concluded that the pseudocapacitance is inherently linked to
Faradaic processes, wherein specific surface functional groups act as active centers that
facilitate charge transfer through interactions with the ionic electrolyte, thereby influencing
electron storage and mobility [23]. Boota et al. studied the functionalization of titanium
carbide MXenes with quinones and identified that specific surface functional groups can
stabilize redox reactions, improving energy storage efficiency [24]. Huang et al. found
that Ti3C,Tx MXene undergoes reversible H+ ion intercalation in acidic electrolyte. This
reversible process is characterized by a transformation between TizC,0O, and Ti3Cz(OH),
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on the MXene surface, highlighting the role of oxygen-rich functional groups in enhancing
pseudocapacitive behavior [25]. In addition to this, short ion diffusion and intercalation
pathways of MXene are unique properties that lead to improvements in pseudocapacitive
performance. It was demonstrated in several studies that modification of surface functional
group can simultaneously enhance surface redox reaction and ion diffusion and hence
improve overall pseudocapacitance [26,27].

Representing such complexities in charge storage behavior in the developed EC neces-
sitates a detailed understanding of the physical processes involved in the charge storage
mechanism and interplays between structure, synthesis, and performance. To optimize
the performance of supercapacitor, it is also important to understand the electrochemi-
cal behavior of MXene in an anodic and a cathodic potential window and to examine a
suitable potential window for electrochemical stability. Furthermore, understanding the
electrochemical processes involved during charging and discharging is crucial to ensure
enhanced cycle life. Interpreting EIS data can be challenging without a clear understanding
of interfacial processes, making it difficult to select an appropriate EC. Proper circuit ele-
ments identified from Nyquist plot fitting provide qualitative and quantitative parameters
such as time constants or activation energies for specific processes [28]. Modification of the
basic ECs is often necessary for specific systems, as they deviate from the ideal behavior.
For example, in cases where rough surfaces are involved, redox properties cannot be ade-
quately described using capacitive elements alone. Instead, a constant phase element (CPE)
is utilized to account for these complexities [29].

The contribution of this research lies in its detailed investigation of the electrochemical
behavior of MXenes for energy storage application. Electrochemical processes at different
voltage ranges were studied to understand the physical processes involved during charging
and discharging and to determine a suitable voltage range for the desired application. EIS
technique was employed, and a modified EC with low error percentage was developed
that resembles the investigated charging processes of MXenes. Furthermore, the oxidative
degradation of MXene during CV cycling is observed and studied to quantify the different
involved resistive and capacitive elements using the developed EC. Finally, the contribution
of different types of pseudocapacitance like surface-controlled and diffusion-controlled
capacitance is studied and quantified. This research adds to the growing body of knowl-
edge on MXene-based materials, paving the way for their broader application in energy
storage technologies.

2. Materials and Methods
2.1. Materials

Lithium fluoride (LiF, 98.5%) was obtained from Alfa Aesar (Haverhill, MA, USA),
while concentrated hydrochloric acid (37% HCI) was sourced from Thermo Fisher Sci-
entific (Waltham, MA, USA). Ti3AlC, MAX phase (>90%, <100 um mesh size) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Nafion dispersion (5 wt% in water and
1-propanol, density 0.93 g/mL) was acquired from Beantown Chemical (Hudson, NH,
USA). A PVDF membrane with a 0.45 um pore size was sourced from Millipore Sigma
(St. Louis, MO, USA).

2.2. Synthesis of MXene

MXene was synthesized using a modified MILD etching method, with an HCI and
LiF etchant solution. First, 10 mL of 9M HCl and 1 g of LiF were stirred for 10 min. Then,
0.5 g of Ti3AIC; MAX was slowly added to control the exothermic reaction. The mixture
was stirred at 200 rpm for 24 h at 35 °C. After etching, it was washed with deionized (DI)
water until the pH reached around 5, resulting in a dark-green supernatant containing
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delaminated MXene flakes. At this stage, the supernatant appeared dark green, while a
black slurry of etched Ti3C,Tx settled above a gray layer of unetched or partially etched
Tiz AlC;,-Ti3CyTx. The supernatant was transferred to a beaker, and 50 mL of DI water
was added to the centrifuge tube to disperse the remaining sediment by manual shaking.
The mixture was ultrasonicated for 2 min, centrifuged at 3500 rpm for 5 min, and the
supernatant was collected. This process was repeated until the supernatant became clear,
ensuring the complete delamination of MXene. Finally, the collected supernatant was
vacuum-filtered through a PVDF membrane and dried at room temperature to form thin
films. Proper PPE and safety measures were followed throughout.

2.3. Preparation of Drop-Cast MXene Electrode for Electrochemical Testing

To prepare the working electrode, a 3 mm diameter glassy carbon electrode was first
polished with a 0.05 pm alumina suspension, rinsed with deionized water, and air-dried.
An optical micrograph of the bare electrode is shown in Figure 2a. A solution was prepared
by mixing 100 uL of either DI water or dimethyl sulfoxide (DMSO) solvent with 20 uL of
5% Nafion binder, followed by dispersing 5 mg of ground TizCoTx MXene in the mixture.
Subsequently, 1.0 pL of this solution was drop-cast onto the electrode. The electrode is
referred to as a drop-cast DI-MXene electrode when DI is used as the solvent (Figure 2b)
and a drop-cast DMSO-MXene electrode when DMSO is used (Figure 2c). The electrode
was then allowed to dry at room temperature for 1 h in case of drop-cast DI-MXene, and

for 6 h in case of drop-cast DMSO-MXene. The mass loading for the 3 mm electrode was
calculated to be 5.9 g/m?.

Figure 2. Microscopic images of (a) bare electrode, (b) drop-cast DI-MXene electrodes, (c) drop-cast
DMSO-MXene electrodes, and (d) punch-paste MXene electrode.

2.4. Preparation of Punch-Paste MXene Electrode for Electrochemical Testing

A 3 mm glassy carbon electrode was polished, rinsed, and dried as described earlier. A
3 mm disk was punched from the corresponding Ti3C,Tx MXene film. The binder solution
was prepared by mixing 20 pL of 5% Nafion with 100 pL of deionized water. A 1 uL drop
of the binder was applied to the glassy carbon electrode, and the punched 3 mm film was
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carefully placed on top. The electrode was then left at room temperature for an hour to dry.
This electrode is referred to as punch-paste MXene electrode (Figure 2d). The weight of the
3 mm punched disk was 0.04 mg, hence the mass loading is 6 g/m?.

2.5. Preparation of Three Electrode System

The electrochemical performance of the prepared electrodes was evaluated using a
standard three-electrode system. The working electrode consisted of either the drop-cast or
punch-paste MXene-coated glassy carbon electrode, as described in previous sections. A
platinum wire was used as the counter electrode, providing a stable and inert surface for
electron exchange. The reference electrode was an Ag/AgCl (saturated KCI) electrode. All
electrochemical measurements were conducted in a 1 M NaySO4 aqueous solution, which
served as the electrolyte. The system was assembled under ambient conditions, and all
experiments were performed at room temperature.

2.6. Characterization

Electrochemical properties of the electrodes were studied using cyclic voltammetry
(CV), galvanostatic charge—discharge (GCD), and Electrochemical Impedance Spectroscopy
(EIS). These studies were conducted using CHI660E instrument electrochemical analyzer
(CH Instrument, Inc., Austin, TX, USA) in a three-electrode system described in Section 2.5.

Scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS) were
conducted using a Phenom XL G2 SEM (Thermo Scientific). X-ray diffraction (XRD) was
performed using a SmartLab SE Automated Multipurpose X-ray diffractometer (Rigaku)
with Cu Ka radiation at 40 kV and 45 mA. The EIS data were analyzed by fitting it to an
equivalent circuit model using the built-in fitting tool of the CH Instruments potentiostat
software (CHI version 19.05, CH Instrument, Inc., Austin, TX, USA). Initial parameter
values for circuit elements were assigned to 0, and the software iteratively optimized them
to achieve the best fit. The simulated data were then generated, and the goodness of fit was
evaluated by examining residuals and chi-square values.

The specific capacitance of the electrode was calculated from the CV curve using
Equation (2).

A

C= KV @

where C = specific capacitance, A = area of the CV plot, m = mass loading in electrode,
k = scan rate, and AV = voltage range of CV.

3. Results and Discussion
3.1. Optimizing Electrode Preparation for Better Performance

The electrochemical performance of MXene-based electrodes is highly dependent
on the electrode preparation method. In this study, three different electrode fabri-
cation techniques—drop-cast DI-MXene, drop-cast DMSO-MXene, and punch-paste
MXene—were evaluated to determine their effectiveness in achieving uniform surface
coverage and optimal electrochemical behavior.

The drop-cast DI-MXene electrode, upon drying, showed cracks and failed to cover
the GC surface completely. The microscopic image of this drop-cast electrode is shown
in Figure 2b. This is attributed to the loss of interlayer water molecules during drying
and grinding, which reduces MXene’s hydrophilicity, making dispersion in DI water
challenging [30].

On the other hand, as DMSO provides better dispersion media of MXene than DI water,
drop-cast DMSO-MXene electrode resulted in a crack-free film. This film fully covered the
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GC surface (Figure 2¢c). However, drying this electrode at room temperature required over
10 h, which could be impractical for large-scale applications.

An alternative approach involved preparing a freestanding MXene film, which was
then punched into a 3 mm disk and adhered to the GC surface using a DI water/Nafion
binder solution. This method offered a uniform and smooth surface of the MXene film
with better adhesion with the GC surface (Figure 2d). Additionally, the drying time was
significantly reduced to less than one hour, making this method more time-efficient. In the
inset of Figure 2d the punched film is shown.

Figure 3 presents a comparison of CV curves obtained from the electrodes prepared
using three different methods. The results indicate that the drop-cast DI water-MXene
electrode showed poor capacitance, masking the true electrochemical potential of MXene.
This limitation may be attributed to the cracked and incomplete surface coverage, which
exposed the GC surface and hindered charge storage. In contrast, the punch-paste MXene
electrode demonstrated the highest capacitance, attributed to its smooth, uniform surface
and strong adhesion to the GC electrode. The reduced drying time and improved electrode
integrity resulted in more efficient charge transfer and better electrochemical stability.
Consequently, the punch-paste electrode preparation method was selected for subsequent
electrochemical analyses.

T T

= punch-paste MXene

—— drop-cast DMSO-MXene
drop-cast DIWater-MXene
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Figure 3. CV curves for MXene electrodes prepared by drop-casting DI water-MXene solution,
drop-casting DMSO-MXene solution, and pasting MXene film.

3.2. Suitable Potential Window for Charge Storage

MXene electrode was characterized by CV in the negative potential window ranging
from —1 V to 0 V, where it exhibited high stability with negligible changes during the
initial cycles. The CV curves for the 1st and the 10th scan are shown in Figure 4a. The
CV curves are substantially similar, indicating electrochemical stability of MXene in this
potential range. Although MXenes are primarily pseudocapacitive in nature, the CV curves
in Figure 4a display a nearly rectangular shape, resembling electric double-layer capaci-
tor (EDLC) behavior. Unlike conventional faradaic materials, MXenes exhibit EDLC-like
symmetric charge—discharge behavior with no pronounced redox peaks due to several
key factors. Their redox reactions occur at or near the surface where the surface termi-
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nations participate in the redox reaction. Their hydrophilic surfaces, rich in functional
groups (-OH, -O, and -F), provide high ion accessibility, facilitating fast redox kinetics and
preventing sluggish battery-type behavior. This enables ultra-fast and reversible charge
transfer that mimics electrical double-layer capacitance (EDLC). Additionally, their high
metallic conductivity allows rapid electron transport, minimizing resistive voltage drops
and contributing to an ideal capacitive response. The rounded edges observed in the CV
curves are attributed to internal resistances inherent to electrochemical processes.

T T T T T T 200 T T T
(a) — 1stCV run (b) — after 1st CV run
—— 10th CV run —— after 10th CV run:
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-1 -0.8 -0.6 -0.4 -0.2 0 0 50 100 150 200
Potential (V) Z'(ohm)

Figure 4. (a) 1st and 10th CV scan of MXene in cathodic potential window at a scan rate of 5mV/s,
(b) Nyquist plots obtained after the 1st and 10th cathodic CV run at a bias voltage of 0 V.

A slight peak appears at approximately —0.6 V during charging and another at —0.8 V
during discharging. These peaks suggest the occurrence of a relatively slower Faradaic
redox reactions, likely facilitated by intercalation or diffusion of electrolyte ions at the
electrode surface, which contribute to the pseudocapacitive behavior of MXenes in this
potential window [31]. The nature of this slower redox reaction has been studied in more
detail in Section 3.6.

The Nyquist plots obtained from the EIS study of MXene after 1st and 10th CV run in
the negative potential window are shown in Figure 4b. The applied bias voltage is 0 V. At
very high frequencies, ions cannot penetrate pores or layers due to insufficient time, leaving
only the external surface accessible, which makes resistive components dominant [32,33].
Conversely, at very low frequencies, ions fully penetrate the layers, charge saturation
dominates, and the electrode behaves as an ideally polarizable porous interface, resulting
in a vertical line on the Nyquist plot. In the intermediate frequency range, resistance
and capacitance become frequency-dependent, and diffusion processes play a significant
role [34]. In Figure 4b, the plots exhibit depressed semicircles at high frequencies which is a
characteristic of Faradaic charge transfer processes [35]. In each plot, a deviated vertical
low-frequency line is observed followed by the semicircle, indicating electrostatic charge
storage mechanisms such as ion intercalation. In addition to that, this vertical low frequency
line also indicates absence of leakage resistance, signifying negligible self-discharge [36].
However, as the low-frequency line deviates slightly from an ideal capacitive behavior, this
indicates electrolyte ion diffusion and resulting adsorption of oxidized MXene [37].

No notable alteration in the charge transfer resistance or the capacitive behavior was
observed from Figure 4b after the first 10 cathodic runs, again emphasizing the stabil-
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(a)

Current density (A/g)
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ity of MXene in this potential window and its effectiveness as an electrode material for
electrochemical applications.

Figure 5a presents the first two anodic CV scans from —1 V to 1 V at a scan rate of
5mV/s. During the first scan, a prominent peak appears around 0.8 V, but it disappears
in subsequent scans and does not reappear even after sweeping the electrode in negative
potentials. This behavior indicates an irreversible oxidation reaction occurring at this
voltage. Tian et al.’s study on the potential-dependent oxidation of TizC,O, MXene, using
grand canonical free energy curves, supports this observation. They reported an oxidation
potential of 1.3 V for MXene attacked by water [38]. Experimentally, this potential is
found to be significantly lower, around 1.094 V vs. the standard hydrogen electrode (SHE,
pH =0) [39]. Tian et al. found that presence of defects or oxygen-containing species in the
carbon layer can lower the oxidation potential by nearly 1 V [38].

T b 1800 T T T T T T
— 1st CV run ( ) — before 1st CV run
—— 2nd CV run| | — after 1st CV run

1600 i

200 , i

o 50 100 150 200
Z(ohm)

-0.5

0 05 1 0 500 1000 1500 2000 2500 3000 3500
Potential (V) Z'(ohm)

Figure 5. (a) First two CV scans of MXene in anodic potential window at a scan rate of 5 mv/s,
(b) Nyquist plot obtained before and after the 1st anodic CV run.

Further insights into this process were gained from EIS conducted before and after
the anodic CV sweep. The Nyquist plot (Figure 5b) shows a substantial enlargement of the
semicircle after the anodic run, indicating a significant increase in charge transfer resistance.
This behavior confirms the deposition of an insulating oxide layer on the MXene surface.

From these findings and the CV data, it can be inferred that MXene is oxidized in
the presence of aqueous electrolyte in the anodic potential window. Oxidation begins at
approximately 0.2 V and shows a peak at around 0.8 V, forming an irreducible titanium
oxide layer. This oxide layer acts as a solid barrier, significantly hindering charge and ion
transfer and drastically reducing the capacitance of the MXene electrode.

To further support this claim, XRD spectra and SEM images were analyzed. The
SEM image of TizCyTx MXenes (Figure 6a) shows that the TizC,Tx MXenes surface is
non-porous with a smoother surface. The etched MXene flakes are aligned to make a
layered film structure during vacuum filtration. However, after the anodic oxidation in CV
scan, the Ti3C,Tx MXene transforms into a porous structure (Figure 6b), where the layered
structure is not retained anymore. Additionally, the elemental analysis (atomic number
%) obtained from EDS, displayed in the inset of Figure 6a,b, demonstrated a significant
increase in oxygen content after the anodic oxidation. It provides support on the claim that
Ti3C,Tx MXenes converts into oxides when run on the positive potential range. To further
demonstrate the nature of oxidation, XRD spectra were obtained for Ti3C,Tx MXenes before



J. Compos. Sci. 2025, 9, 139

10 of 21

and after the anodic CV run. The XRD spectra of MXenes after the anodic run revealed the
presence of rutile TiO; phases as it showed peaks at 26 = 27.4°, 36.07°, 54.28° and 56.57°, as
shown in Figure 6¢. Before the anodic run, XRD spectra show characteristic Ti3CoTx MXene
(002) peak at 26 = 5.9°, which corresponds to an interlayer space of 3 nm. This interlayer
space provides space for ion intercalation during the charging process, which facilitates
high capacitance. However, after anodic oxidation, the disappearance of the (002) peak
suggests that the layered structure of MXene is disrupted due to oxidation, contributing to
the loss of capacitance observed after anodic oxidation. These findings confirm that MXenes
are highly stable in the negative potential window but are electrochemically unstable in
the positive potential window due to oxidation reactions caused by water attack from the
aqueous electrolyte, which results in reduced capacitance.

c —— T
( ) @ Rutile TIO, AMXene
—— MXene after anodic CV

Intensity (arbitrary unit)

10 20 30 40 50 60 70
20

Figure 6. SEM image of MXene (a) before and (b) after anodic run. EDS results in atomic % is shown
in inset. (¢) XRD data before and after anodic run.

3.3. Developing EC Model

The optimization of supercapacitors requires advanced modeling techniques to accu-
rately capture the physical phenomena occurring at the material scale and to characterize
their electrical performance effectively. In EIS, these phenomena can be modeled using ECs.
A commonly used model for supercapacitors is the Randles circuit. It consists of a parallel
connection of charge-transfer resistance (R.t) and capacitance (C), which represent faradaic
processes. Ion diffusion is modeled through a finite Warburg impedance (W) connected in
series with R¢¢. This Warburg impedance assumes that diffusion is inherently coupled to
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charge transfer in faradaic reactions [40]. Additionally, a series resistance (Rs) accounts for
electrical and connective losses at high frequencies.

The Randles circuit simplifies the complex interactions in MXene-based systems, often
overlooking critical phenomena such as non-uniform charge distribution and dynamic
interactions at the electrode—electrolyte interface [41]. Furthermore, the circuit model does
not adequately account for the mixed ionic-electronic conduction behavior of MXene,
leading to less accurate predictions of performance in hybrid systems [21]. Hence, in this
study a modified EC is proposed for MXene electrode in supercapacitor application.

The model was designed to meet two key criteria: it needed to be accurate enough to
represent the main physical processes occurring at the material level while being simple
enough for practical use in in situ characterization.

Circuit-a, as shown in Figure 7a, represents the basic Randles circuit. However, the
simulated Nyquist plot generated using this circuit failed to accurately depict the MXene
electrode system due to its simplicity, resulting in an error percentage of 19.3% compared
to actual data. To modify this circuit, Circuit-b (Figure 7b) was introduced, incorporating
an additional capacitive element (C2) in series with Circuit-a. This element represents the
double-layer capacitance of blocked electrodes, such as those in supercapacitors [42]. The
simulated plot using Circuit-b showed improved accuracy, reducing the error percentage
to 14.1%.

(a) R, (c)
R R,
A | ..ANV._
-
(b) (d)
Rc!
R, G, R,
AW— ml M
ﬁL
(e) 60

[—e— Actual values
— Fitted with circuit a (error 19.3%)|
Fitted with circuit b (error 14.1%)
— Fitted with circuit c (error 6.2%)

—— Fitted with circuit d (error 4.8%

0 10 20 30 40 50 60 70
Z'(ohm)

Figure 7. (a—d) Different ECs studied. (e) Fitted data derived from the ECs vs. the actual recorded
data in the Nyquist plot.
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Ti3C,Tx MXene undergoes aqueous oxidation in the anodic potential range, and over
repetitive cycling. This results in a second semicircle in the Nyquist plot due to oxide layer
formation as will be discussed in the next two sections. To account for this phenomenon,
Circuit-c (Figure 7c) was developed by adding a capacitive element (C3) in parallel with
a resistance (Ry) and placing it in series with the original circuit. This addition accounts
for the diffusion resistance arising from the formation of the solid oxide layer. Similar
strategies have been employed in the literature to model the Solid Electrolyte Interphase
(SEI) in lithium-ion batteries [43]. This circuit further reduced the error percentage to 6.2%.

The second semicircle in the Nyquist plot deviates from the perfect round shape.
This deviation might be due to practical resistive factors, like surface roughness, chem-
ical inhomogeneity, and heterogeneous electrode—electrolyte interfaces caused by ion
adsorption [44]. One notable modification to account for these phenomena is the use
of constant phase elements (CPEs), denoted as Q;, instead of conventional capacitance
(C3). CPEs account for real life application factors mentioned above and results in a de-
pressed semicircle on the Nyquist plot, with its center falling below the horizontal axis [31].
This modified circuit (circuit-d) is shown in Figure 7d, which further reduced the error
percentage to 4.6%.

Apart from the model assumptions, the error margin resulted from fitting EIS data
using different ECs may also include other random errors, such as background noise,
inconsistencies in electrode preparation, and environmental factors such as temperature
fluctuations. To mitigate these potential errors and enhance the reliability of our analysis,
three independent sets of fittings were conducted using each proposed circuit model and
averaged the results to ensure consistency and reduce statistical bias.

The fitted Nyquist plots simulated from these four circuits are shown in Figure 7e,
and circuit d best resembles the recorded impedance behavior of MXene electrode while
maintaining a practical level of complexity.

3.4. Voltage Dependent Electrochemical Behavior Using EC

EIS data have been recorded applying different bias voltages in both anodic and
cathodic regions. This provides detailed insights into the electrochemical behavior of the
MXene electrode in these ranges.

In the cathodic range, the Nyquist plots retain a similar shape (Figure 8a), but the
Warburg region shifts to the right as the bias voltage becomes more negative. This shift
reflects an increase in diffusion resistance with increasing negative potential.

T T T T T T T 400 T T T T T T
(a) 140 g (b) ——Bias voltage 0 V|
—Bias voltage 0 V| ——0.2V
—-02V 025V
04V 350 —0.3V
120F [—-06V —0.35V
—-08V 04V
-1V 300 F —0.6V
100
E 80fF
=
=)
N

60

40f

201

0 20 40 60 80 100 120 140 0 50 100 150 200 250 300 350
Z'(ohm) Z'(ohm)

Figure 8. Nyquist plot of MXene electrode obtained from recorded EIS data at different bias voltage
in (a) cathodic potential range and (b) anodic potential range.
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Figure 8b shows Nyquist plots for various anodic bias. The curves at 0 V, 0.2 V and
0.25 V show a semicircle and a sloping line. Interestingly, at 0.3 V, a second semicircle
appears in the Nyquist plot, which further enlarges as the potential is increased. This
second semicircle, typically observed in the lower frequency region, often arises from
adsorption and desorption processes at the electrode—electrolyte interface [45,46]. It is often
linked to the formation of a solid interphase film [47]. In the MXene electrode, as previously
discussed, water molecules are adsorbed at anodic potentials, and a solid oxidized MXene
layer begins to form at around 0.3 V. Thus, the second semicircle at 0.3 V represents both
the adsorption of water molecules and the onset of the oxide layer’s formation. From 0.4 V,
the first semicircle becomes significantly larger, indicating increased polarization resistance.
This resistance results from the oxide layer formation, which inhibits Faradaic currents and
limits subsequent electrochemical processes detectable within the test frequency range.

In the low-frequency region, the sloping line reflects the Warburg impedance, as-
sociated with ion diffusion. The ion diffusion coefficient (D) can be determined using
Equation (3) [48].

D = 0.5R?>T?/S*n*F*C?0? (3)

where R is the gas constant, 7 is the number of electrons, F is the Faraday constant, and ¢ is
the Warburg factor. Thus, D is inversely proportional to 2.

In Figure 8b, the slope of the Warburg region is infinite at lower voltage, which depicts
capacitive behavior and tends to bend down towards finite space with increasing voltage.
This change in slope indicates a decrease in D and suggests reduced ion diffusion at
higher voltages prior to oxide layer formation. This also indicates a reduction in capacitive
behavior in higher positive potential. Hence, it can be concluded that, due to a resistive
oxide layer formation, the capacitance of Ti3C; Ty MXene reduces dramatically at voltages
higher than 0.3 V.

Table 1 summarizes the values of resistances (Rs, R¢t, and Ry) obtained from the
developed EC model. The series resistance (Rs) remains consistently low and shows
minimal variation across all bias voltages. The charge transfer resistance (Rct) initially
decreases slightly up to 0.3 V, as the higher potential facilitates charge transfer. However,
beyond this point, R.; increases sharply, corresponding to the formation of an insulating
oxide layer. Similarly, the diffusion resistance (Ry) increases slightly as the voltage increases
to 0.3 V but then rises significantly due to the greater diffusion hindrance caused by the
oxidized layer.

Table 1. Values of the resistances (Rs, Rct, and Ry) and CPE values obtained from the EC model.

Voltage V) Rs Q) Rct Q) Rd Q)
-1 0.001 3241 14.93
—0.8 0.001 31.65 14.94
—0.6 0.001 30.3 14.95
—04 0.001 29.8 14.99
—-0.2 0.001 28.13 15.01
0.0 0.001 27.2 15.0
0.2 0.001 26.26 15.03
0.25 0.001 24.44 15.23
0.3 0.001 23.96 15.96
0.35 0.001 31.38 19.51
0.4 0.001 72.86 233.3

0.6 0.001 558 1570
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3.5. Analysis of Cyclic Stability Using Developed EC

As Ti3C,Tx MXene undergoes charging and discharging cycles, it faces a degradation
in capacitance. To understand cyclic stability, Ti3C, Tx MXene was characterized using CV
at a scan rate of 100 mV/s over 1000 cycles, and the changes in capacitance and resistances
were analyzed. Initially, the MXene exhibited a capacitance of 493 F/g at this scan rate.
After 1000 cycles, the capacitance decreased to 357 F/g, reflecting a retention of 72.5%.
Figure 9a illustrates the corresponding CV curves at various cycle intervals. This reduction
in capacitance can be attributed to the adsorption of water molecules and/or oxidation of
MXene and the resulting increase in resistance, as analyzed through Nyquist plots and the
developed EC model.
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Figure 9. (a) CV curves of MXene at 100 mV /s over different cycle intervals. (b) Nyquist plots at
various cycles. (c) Variation in charge transfer resistance (Rt) and diffusion resistance (Rq) with
cycling. (d) Correlation between the reduction in capacitance and the increase in diffusion layer
resistance (Ry) during cycling.

The Nyquist plots at different cycle numbers, shown in Figure 9b. Initially, only a
single semicircle, corresponding to charge transfer resistance (R), is observed. However,
after 200 cycles, a second semicircle begins to appear, becoming more prominent with
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continued cycling. This second semicircle can be attributed to the adsorption of water
molecules and gradual formation of a resistive layer likely due to oxidation, as discussed
previously. Using the EC model, the charge transfer resistance (R.t) and the diffusion
resistance (Rq) were quantified. Figure 9c highlights the progressive increase in R¢; and Ry
with the number of cycles. The rate of Rd increase is initially higher, likely because a larger
MXene surface is exposed to water attack. As oxidation proceeds, and a resistive layer
forms, it inhibits further water diffusion, causing the oxidation rate to slow. In contrast,
Rt increases at a comparatively slower rate, with its underlying cause requiring further
investigation in future studies.

Figure 9d shows a reduction in capacitance as the R4 increases with cycling. These
findings underscore that the cycling stability of Ti3C,Tx MXene in aqueous electrolytes is
primarily governed by its susceptibility to oxidation and the associated rise in resistances.
This highlights the need for strategies to mitigate oxidation and enhance the long-term
performance of MXene-based energy storage systems.

3.6. Analysis of Surface-Controlled and Diffusion-Controlled Capacitance

Figure 10a shows CV curves of the MXene electrode at various scan rates. The variation
in capacitive current (i) with scan rate (v) provides insight into whether surface-controlled re-
actions or diffusion-controlled processes dominate the charge storage mechanism. To better
understand the charge storage behavior during the charge—discharge process, a series of ki-
netic analyses were performed on the electrode at specific charging and discharging states.

-6.5 T T T .
(@) o — 1 (b)

——10 mV/s|

15 mV/s|
31 |—20mvss
—30mvis 7tk

log(i)

°f J/// ] b=0.95

Current density (A/g)

-85

-1 -0.8 -0.6 -0.4 -0.2 0 1 1.5 2 25 3 35 4
Potential,V (V) log(v)
(C) 1.05 =
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1
0.95
o
S
©
>
o
0.9
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0.8
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Figure 10. (a) CV plots of MXene at different scan rates (b) linear fitting of log(i) vs. log(v) to
calculate b value (c) variation in b values at different cathodic potential in both charging and
discharging condition.
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The b value calculated from Equation (4) serves as a critical indicator of the dominant
charge storage mechanism of the pseudocapacitive electrode [16]:

logi = log a + blog v 4)

b can be derived from plotting the logarithm of the current (log i) at a given potential as a
function of the logarithm of the scan rate (log v), if the plot generates a linear relationship.
Then, b is obtained by calculating the slope of the resulting curve using Equation (4). When
b ~ 1, the charge storage process is dominated by surface-controlled behavior, whereas
b ~ 0.5 indicates a diffusion-controlled mechanism. For the MXene electrode, Figure 9b
demonstrates the linear relationship of log i vs.log v at a specific potential with b being
close to 1.

Figure 9c¢ highlights the b value obtained from the kinetic analysis at various potentials
during the charging and discharging branches of the CV curves. The b values remain
close to 1 across most of the voltage range during both charging and discharging. This
suggests that surface-controlled reactions primarily dominate the electrochemical process.
However, at the beginning of the charging and discharging cycles, the b values decrease.
This reduction is attributed to the rounding edges observed in the CV curves (instead of a
pure rectangular form) during these stages, indicating a deviation from the ideal capacitive
behavior caused by internal resistances. The relationship between log i and log v in this
range is not perfectly linear, leading to a compromised slope. Additionally, a slight decrease
in b values is observed in the potential range of —0.5 V to —0.8 V. This reduction indicates
that the charge accumulation in this potential range is associated with a more diffusion
dominant, slower process, which can be supported by the redox peaks observed in this
potential in Figure 5a. Furthermore, the redox peak at this potential becomes negligible
as the scan rate is increased (Figure 10a), which is likely because at higher scan rates, this
slower, diffusion-related process becomes less dominant due to time constraints.

A more quantitative approach is adopted to separate the capacitive effects into surface
(pseudocapacitive) and diffusion-controlled (Faradaic) processes. Surface capacitance
is primarily related to charge storage on the electrode surface and can be calculated by
isolating the k; term in Equation (5).

i = kyv + koo ®)

where 7 is the current, v is the scan rate, k; accounts for the surface-controlled process,
and k; represents the diffusion-controlled contribution. By plotting i/v? against v%-°, the
intercept gives ky, and the slope provides k;. The respective capacitances are then derived
based on these constants.

The calculation of capacitive and diffusion-limited contributions to the total capaci-
tance reveals that the overall capacitance in MXene is predominantly surface-controlled
(Figure 11a). However, there is a noticeable contribution from diffusion-limited processes,
particularly near the peaks observed in the CV curves. In MXene, two distinct pseudocapac-
itive charge storage mechanisms coexist: first, electrostatic charge accumulation due to ion
intercalation within the interlayer space, second, Faradaic protonation at the O-terminated
surface, which can be expressed by Equation (6) [16,49].

TisC20:(OH), F, + 8¢~ + 8H" — Ti3C;0,_4(OH), , sF (6)



J. Compos. Sci. 2025, 9, 139 17 of 21

1 T T T T T T
. ®
08r —— Surface-controlled current 7
06

m Diffusion-Controlled Capacitance

0.4 1
u Surface-Controlled Capacitance
0.2 1
r 85% T
0.2 1 g ey
-04F 1 :
i 90%
06} 1 P o
85%]
-0.8f 1
5 10 15 20 30

-0.8 -0.6 -0.4 -0.2 0
Potential(V)

Current density (A/g)
o

Capacitive current, i (A)

Scan Rate (mV/s)

Figure 11. (a) Surface controlled capacitance in comparison with the total capacitance. (b) Variation
in surface-controlled capacitance at different scan rates.

These mechanisms divide the overall electrochemical behavior into two parts. The
rectangular-shaped regions of the CV curve correspond to surface-controlled pseudoca-
pacitance, characterized by a b value close to 1, indicating rapid, non-diffusion-dependent
charge storage. In contrast, the peaks in the CV curve are associated with diffusion-
controlled Faradaic charge accumulation processes.

The surface-controlled contribution is further increased with increasing scan rate as
depicted in Figure 11b. This indicates that at higher scan rate, diffusion becomes even less
dominant, likely because of the intrinsic time limitations.

These findings highlight the complex interplay between surface and diffusion phe-
nomena in MXene, contributing to its high electrochemical performance and versatility as
an electrode material.

Table 2 summarizes key performance metrics of TizCp Tx MXene in comparison to other
conventional materials, highlighting both its advantages and limitations in the context of
supercapacitor applications.

Table 2. Comparison of basic properties of MXene family and other materials.

Electrical Specific Capacitance
Type Conductivity(S-m~1)  Capacitance Retention Challenges Refs.
200-300F/g
: ~ 10% (Carbon (Carbon o Low energy density
Carb(o];D?ét)e rials nanotube) nanotube) 1;%%3;%{; due to absence of [50-52]
~108 (Graphene) 100200 F/g ! y redox reactions
(Graphene)
Poor mechanical
Conductive o stability, swelling,
polymers ~10° 200-500 F/g 510 0_(?(? C/o ilféir and contraction [53,54]
(Pseudocapacitance) y during cycling leads
to degradation
Oxidation in
o ambient air,
MXene 105 — 106 493 F/g 5(2)050/2 a;c: restacking of layers, [16]
(Pseudocapacitance) [this work] [this V\zfork] potential

degradation in
aqueous media
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Despite its oxidative stability challenges, TizC,Tx MXene stands out as a promising
supercapacitor material due to its exceptionally high capacitance, fast charge transfer
kinetics, and predominantly surface-controlled charge storage, making it a strong candidate
for high-performance energy storage applications when suitable stabilization strategies
are implemented.

4. Conclusions

This study provides a comprehensive analysis of the electrochemical behavior of
Ti3C,Tx MXene. An equivalent circuit was developed to accommodate the diffusion
resistance arising from the gradual formation of the solid oxide layer as well as other
practical factors that inhibit ideal capacitance development. The developed equivalent
circuit model captures the impedance behavior of Ti3C,Tx MXene with a low error margin
of 4.6%. Analysis of the EIS data using the developed model suggests oxidation-related
limitations in applying TizC,Tx MXene as supercapacitor electrode. In negative potential
window (—1 to 0 V), TizC,Tx MXene shows better electrochemical stability. However, the
capacitance degrades from 493 F/g to 357 F/g with a 72.5% retention after 1000 cycles
due to aqueous oxidation. In the positive potential range (0 to 1 V), this MXene shows an
irreversible oxidation reaction that makes it unsuitable for anodic use. The contributions of
surface-controlled and diffusion-controlled processes were also quantified, highlighting
the dominance of surface functional groups in developing pseudocapacitive behavior.

This research addresses the challenges associated with determining suitable potential
windows and obtaining cyclic stability of Ti3C, Tx MXene. While MXene exhibits a significantly
high specific capacitance, its stability is hindered by oxidative degradation over repeated
cycles in aqueous electrolytes. To enhance its long-term stability in supercapacitor applications,
future research should focus on strategies to suppress oxidative degradation, such as surface
functionalization, electrolyte modification, or protective coatings. Further advancements in
equivalent circuit modeling may also improve the predictive accuracy of impedance analysis,
enabling the better optimization of MXene-based energy storage systems.
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Abbreviations
EC Equivalent Circuit
EIS Electrochemical Impedance Spectroscopy

Ccv Cyclic Voltammetry

GCD Galvanostatic Charge-Discharge

CPE Constant Phase Element

EDLC  Electric Double-Layer Capacitance
MILD Minimally Intensive Layer Delamination
GC Glassy Carbon
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