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Abstract 
 

The increasing demand for effective energy storage devices has enhanced the need of durable 

electrode materials for supercapacitors. In this work, Ti3C2Tx MXene nanosheets was synthesized 

via HF etching and subsequent delamination to obtain layered 2D nanosheets. The structural and 

morphological properties were examined using XRD pattern, SEM, and TEM, confirming the 

successful synthesis of layered structure, while UV–Visible spectroscopy indicated its optical 

response. The electrochemical performance was evaluated in a three-electrode setup using nickel 

foil as the current collector substrate. Cyclic voltammetry (CV) and galvanostatic charge–

discharge (GCD) measurements show excellent capacitive behaviour, delivering a notable specific 

capacitance of 535 F g-1 at current density of 1 A g-1. Electrochemical impedance spectroscopy 

(EIS) revealed low Rs and efficient charge transfer kinetics, supporting enhanced electrochemical 

performance. The superior capacitance is due to the high conductivity, wide surface area, and rapid 

ion transport within the Ti3C2Tx MXene nanosheets, demonstrating that Ti3C2Tx is an effective 

electrode material for high performing supercapacitor application. 
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1. Introduction 

In growing world, the use of green energy 

resources has accelerated the development of 

energy storage devices such as supercapacitor 

and batteries [1–3]. Supercapacitor are well 

recognized for high-power density, quick 

charge discharge capabilities, long term cyclic 

stability, cost effective, and environment 

friendly [4–8]. Flexible supercapacitor 

provides significant benefits over traditional 

supercapacitor, including lightweight, great 

flexibility, and compact size making them 

ideal for portable electronics [9]. Electrodes 

are critical for tuning the electrochemical 

performance of supercapacitor. Two-

dimensional nanomaterials have gained 

popularity due to their increased surface area, 

high electronic conductivity, and mechanical 

compatibility[10]. As a promising material for 

supercapacitor application are 2D transition 

metal dichalcogenides (TMDs) and MXene 

have been explored due to high surface area 

and mechanical flexibility [11–15].  

Among various electrochemical materials, a 

family of 2D transition metal carbide/nitrides 

are promising electrode material for energy 

storage for owing to their adaptable properties 

such as high electrical conductivity, 

electrochemical versatility, large surface area, 

easy to synthesis, easily accessible tunable 

morphology, and superficial electrolyte/ion 

transport through widely interlayered spacing 

[16–18]. MXene are often obtained from MAX 

phase, which are which are layered ternary 

ceramic materials given by the formula 

Mn+1AXn (n = 1−4), where M is a transition 

metal like Ti, V, Zr, Mo, Hf, Mo, Nb, etc., A 

is a group 13 or 14 element, and X is N and/or 

C. The prepared MXene are denoted as 

Mn+1XnTx, where Tx stands for surface 

terminations such as F, O, OH, and Cl[19]. 

Ti3C2Tx is the most extensively investigated 

MXene because of its high stability [20]. 

However, MXene have some drawbacks, 

including restacking inclination due to intense 

hydrogen bonding and weak van der wall 

interaction, superficial flaws in colloidal 

solution, and low flexibility, which have 

limited their current applications [21,22]. The 

main determinants of high electrochemical 

performance are the operative methodological 

characteristics, structural robustness, high 

electrically conductive, and abundance of 

active sites. Priyanka et al. achieved capacity 

of Ti3C2Tx in 5 M KOH electrolyte is 368.5 F 

g-1 [23]. Xu et al. found the specific 

capacitance of Ti3C2Tx-rGO composite is 154 

F g-1   at a current density of 2 A g-1 in 

electrolyte 6 M KOH [24]. 

In present work, Ti3C2Tx MXene nanosheets 

were synthesized by HF-etching method, 
trailed by exfoliation in LiCl solutions to 

attain delaminated material. Structural (XRD) 

and Morphological (SEM and TEM) analysis 

gives the agreement for successful synthesis if 

Ti3C3Tx sheets. Using a three-electrode setup, 

the electrochemical performance of pristine 

Ti3C2Tx MXene nanosheets was methodically 

assessed. The charge-storage and resistance 

behavior of the electrode material evaluated 

using thorough electrochemical tests, like 

cyclic voltammetry (CV), galvanostatic 

charge–discharge (GCD), and 

electrochemical impedance spectroscopy 

(EIS). The active substance was fabricated on 

nickel foil to create the working electrodes, 

and 1 M H₂SO₄ electrolyte was used for all 

electrochemical tests. According to the GCD 

tests, the Ti3C2Tx MXene electrode produced 

a huge specific capacity of 535 F g-1 at a 

current density of 1 A g-1. Similarly, a specific 

capacity of 387.5 F g-1 was found by CV 

analysis at scan rate 20 mV s-1. Ti3C2Tx 

MXene nanosheets is distinctive two-

dimensional layered design, which provides a 

huge accessible surface area, superior 

electronic conductivity, and an abundance of 
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electro-chemical active sites for effective ion 

transport and charge transfer, is responsible 

for the improved electrochemical 

performance. These results shown for Ti3C2Tx 

MXene is great promise as an electrode 

material for advanced energy storage device, 

especially high-performance supercapacitor. 

 

2. Experimental Section  

2.1. Materials 

Ti3AlC2 MAX phase (99 %, Sigma Aldrich), 

HF (48 %, Thermo Fisher Scientific, India 

Pvt.) and HCl (37 %, Thermo Fisher 

Scientific), H2SO4 (98 %, Thermo Fisher 

Scientific), ethanol (CH3CH2OH) (99.7%, 

Sigma Aldrich), and deionized water (DI) 

used for preparing all of the solutions during 

synthesis process. All of the materials are of 

analytical grade and used without any 

purification. 

 

2.2. Synthesis of MXene (Ti3C2Tx) 

The Ti3C2Tx MXene was synthesized using the 

Ti3AlC2 MAX phase by chemical etching 

using hydrofluoric acid (HF). First, 6 mL of 

deionized (DI) water, 12 mL HCl, and 2 mL 

of HF were combined in Teflon tube and 

agitated at 355 rpm. Subsequently, 1 g 

Ti3AlC2 MAX powder gently add to the 

etchant solution. The HF removed Al layer by 

generating AlF3, resulting to the development 

of multilayer Ti3C2Tx. For 24 h, the mixture 

was constantly mixed. Following etching, the 

reaction mixture was centrifuged at 5000 rpm 

to repeatedly wash it with DI water till the pH 

obtain nearly neutral. The cleansed Ti3C2Tx 

suspension was then mixed with 1 g of LiCl 

and agitated in a three-neck flask at 60 °C for 

two hours [25]. The delamination of MXene 

layers was made easier by this intercalation 

stage shown in Fig. 1. Following 

intercalation, the product was again purified 

by several centrifugation cycles at 5000 rpm 

to remove remaining salts and acids. Finally, 

the resulting Ti3C2Tx MXene powder was dry 

in a vacuum oven at 80 °C for overnight. 

                          Figure 1. Graphic demonstration of synthesis of Ti3C2Tx MXene nanosheets

 

2.3.Characterization 

X-ray diffraction (XRD) measurement using 

Rigaku MiniFlex 600 diffraction were used to 

investigate crystallographic structure of the 

prepared material. Optical analysis is done by 

UV absorption spectra. Scanning electron 

microscopy (SEM; Zeiss EVO40) was used to 

examine the surfaces morphology of Ti3C2Tx 

and by using TEM/HRTEM (JEOL 2100F, 



 
 
 

Current Natural Sciences & Engineering 3 (1) 2026 
 

957 
 

200 kV), the morphology was thoroughly 

investigated, providing complete insights of 

interlayer spacing, morphological 

characteristics, and crystalline framework. 

 

2.4. Electrochemical Measurements 

The electrochemical measurements of 

Ti3C2Tx MXene nanosheets was performed 

using Metrohm Autolab 

potentiostat/galvanostat (PGSTAT204) in a 

three-electrode setup in 1 M H2SO4 

electrolyte. The working electrodes were the 

synthesized nanomaterials, and the reference 

and counter electrodes are Ag/AgCl and 

Platinum wire, respectively. The working 

electrode were fabricated by coating slurry 

having 80% Ti3C2Tx MXene, 10% carbon 

black, and 10% PVDF as binder in NMP onto 

the nickel foam substrate and was dry for 12 

hrs at 70 °C in vacuum oven. Charge storage 

behavior, rate capability, and interfacial 

kinetics were studied by cyclic voltammetry 

(CV), galvanostatic charge-discharge (GCD), 

and electrochemical impedance spectroscopy 

(EIS). GCD tests was performed for 1-3 A g-1 

current densities within the potential window 

established by CV analysis, and CV was 

conducted scan rate of 20-100 mV s-1. The 

identical electrochemical setup was used to 

record EIS spectra throughout a frequency 

range of 0.01-105 Hz. 

 

3. Result and Discussion  

3.1. Structural and UV-Visible absorption 

analysis 

The crystal structure of Ti3C2Tx MXene 

nanosheets was investigated by X-ray 

diffraction (XRD) demonstrated in Fig. 2(a). 

The spectra of Ti3C2Tx MXene sheets having 

a strong peak at angle 6.97°, 14.95°, 27.66°, 

35.03°, 41.21°, 57.75° and 61.11° 

corresponding to the planes (002), (004), 

(006), (101), (105), (109) and (110), which 

confirms the successfully synthesis of Ti3C2Tx 

MXene [26]. The removal of Al using HF acid 

etching process results in wide interplanar 

spacing, the d-spacing corresponding to the 

plane (002) is 1.16 nm. The crystallite size of 

Ti3C2Tx MXene was found to be 13.21 nm, 

observed by Debye-Scherrer formula. 
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Figure. 2. (a) XRD pattern, (b) UV absorption 

spectra of Ti3C2Tx MXene. 

The optical properties were investigated by 

analyzing the UV absorption spectra of 

Ti3C2Tx MXene nanosheets. As seen in Fig. 

2(b), the Ti3C2Tx MXene nanosheets 

absorbance borders extend into the visible 

spectrum, with maximal absorbance points of 

around 208 nm. Furthermore, the Tauc plot 

has been used to measure the optical bandgap 

power of Ti3C2Tx MXene nanosheets, which 

have intrinsic linear bandgaps of 1.24 eV [27]. 

 

3.2. Scanning electron microscopic (SEM) 

and Transmission electron microscopic 

(TEM) analysis 

The SEM image of Ti3C2Tx MXene 

nanosheets is demonstrated in Fig. 3(a), 

which offers important morphological 

insights and reveals their distinctive layered 

shape. The residual van der Waals interactions 

between neighboring Ti3C2Tx layers are 

responsible for the observed stacked sheet-

like architecture. The TEM image of Ti3C2Tx 

MXene at a scale of 100 nm is presented in 
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Fig. 3(b), which further supports the 

material's ultrathin sheet-like shape. 

Additionally, the HR-TEM image of Ti3C2Tx 

MXene at resolution (5 nm) is shown in Fig. 

3(c). It clearly shows discrete lattice fringes 

having interlayer spacing of 1.12 nm, which is 

indicative of the well-defined crystalline 

structure [25,28]. 

 

 

Figure 3. (a) SEM image of Ti3C2Tx MXene, (b) TEM image of Ti3C2Tx MXene nanosheets, (c) HR-TEM 

image of Ti3C2Tx MXene nanosheets. 

 

 

 

Electrochemical Measurements 

Cyclic voltammetry (CV) and Galvanostatic 

charge-discharge (GCD) was used to 

systematically measure the electrochemical 

measurement of Ti3C2Tx MXene. Ti3C2Tx 

MXene nanosheets were used as the working 

substance, Pt wire as counter electrode, and 

Ag/AgCl electrode as reference electrode in a 

three-electrode setup for electrochemical 

measurements. Every measurement was 

performed in a potential range of -0.12 to -

0.32 V in a 1 M H2SO4 acidic electrolyte. The 

following formula was used to determine the 

electrode's specific capacitance (Csp): m is the 

mass of the working substance coated on 

nickel foam; k is scanning speed varying from 

(20–100 mV s-1); ΔV is the potential span of 

(0.2 V); and ʃ Idv is the integrated area under 

the CV curve29. 

 

              𝐶𝑠 =
ʃ Idv 

𝑚𝑘Δ𝑉
                                 (1) 

 

The CV profile of Ti3C2Tx MXene nanosheets 

is presented in Fig. 4(a), and computed 

specific capacitance values for  

 

Ti3C2Tx MXene nanosheets were 387.5,  

244.24, 155.32, 105.74, and 77 F g-1, at scan 

rate 20, 40, 60, 80, and 100 mV s-1. Because 

Figure 4. (a) CV measurements of Ti3C2Tx 

MXene, (b) Comparison bar chart of the CV 

Measurements of Ti3C2Tx MXene at numerous 

scan rates, (c) GCD measurements of Ti3C2Tx 

MXene nanosheets, and (d) Assessment graph for 

the CV Measurements of Ti3C2Tx MXene 

nanosheets 
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of restricted ion diffusion and decreased 

electrolyte accessibility at high scan rates,  
Table 1: Comparison of the electrochemical 

behaviour of Ti3C2Tx MXene based 

Supercapacitor. 

 

specific capacity gradually decreases as scan 

rate increases. The Ti3C2Tx MXene electrode's 

specific capacitance as a function of scan rate 

is demonstrated in Fig. 4(b) Additionally, the 

specific capacity of the Ti3C2Tx MXene 

electrode was assessed using galvanostatic 

charge-discharge (GCD) experiments at 

numerous current densities between 1 and 3 A 

g-1 within the potential span of −0.12 to −0.32 

V (vs. Ag/AgCl electrode). The GCD profiles 

of the Ti3C2Tx MXene electrode recorded at 

various current densities are seen in Fig. 4(c). 

These profiles show almost symmetric 

charge-discharge curves, which are 

suggestive of good capacitive performance 

and electrochemical reversibility [27]. 

 

                        𝐶𝑠 =
𝐼𝑚Δt

ΔV
                           (2) 

The above formula was used to get the 

specific capacity (Csp) of the three-electrode 

system: Csp is the specific capacity, Im is 

applied current density, Δt is discharging 

time, and ΔV is the potential span. The 

computed specific capacity of Ti3C2Tx 

MXene were 535, 405, 370, 362.5, and 345 F 

g-1 at current densities of 1, 1.5, 2, 2.5, and 3 

A g-1 respectively. The fast speed of ions at 

higher current density is the reason for the 

decrease in specific capacitance. The Ti3C2Tx 

MXene electrode's rate capability is 

demonstrated in Fig. 4(d), which 

demonstrates the specific capacity as a 

function of current density. The Comparison 

of the electrochemical behavior of Ti3C2Tx 

MXene based electrode materials for 

supercapacitor have shown in Table 1. 

In 1 M H2SO4 electrolyte, Ti3C2Tx sheets 

exhibits capacitive charge storage governed 

by fast, reversible H⁺ 

intercalation/deintercalation within its 

interlayer corridors along with surface 

oxidation-reduction reactions of Ti positions. 

The plentiful –O, –OH, and –F functional 

groups facilitate strong interaction with H⁺ 

ions, while the high electrical conductivity 

supports rapid electron movement. 

Additionally, the layered structure with 

engorged interlayer spacing encourages 

efficient ion diffusion and accessibility of 

active sites. This synergistic mechanism 

outcomes in high capacitance and rate 

capability. 

 

3.3. Electrochemical impedance 

spectroscopy (EIS) 

The impedance characteristics and charge 

storage behavior of Ti3C2Tx MXene 

nanosheets were examined using 

electrochemical impedance spectroscopy 

(EIS) throughout a frequency span of 0.01 Hz 

to 105 Hz. Fig. 5 shows the Ti3C2Tx MXene 

Nyquist plot (red curve). The EIS spectrum 

shows a roughly linear trend in the low-

frequency values and a noticeable 

semicircular arc in the high-frequency values. 

The semicircle's shape and size offer 

important information on the ion transport 

kinetics and interfacial electrochemical 

reactions taking place at the electrode–

electrolyte interface, while its diameter 
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correlates to charge-transfer resistance (Rct) 

[28]. 
The electrochemical properties of the system 

are further clarified by the fitted curve (black 

curve in Fig. 5). The intrinsic resistance of the 

electrolyte, represented by the solution 

resistance (Rs), was found to be 0.83 Ω. In the 

meantime, it was determined that the 

electrode–electrolyte interface's charge-

transfer resistance (Rct) was 3.14 Ω, indicating 

effective charge transfer kinetics. 

Additionally, the Ti3C2Tx MXene electrode's 

dominating capacitive nature and 

advantageous ion transport features are 

confirmed by the linear behavior shown in the 

low-frequency zone. 

 
 
Figure. 5.  Nyquist measured and fitted curves of 

Ti3C2Tx MXene. 

 

4. Conclusion 

This study shows that, Ti3C2Tx MXene 

nanosheets was successfully synthesized 

through HF etching and delamination, 

yielding a 2D layered structure. Structural and 

morphological analyses using XRD, SEM, 

and TEM validate the formation of few-layer 

Ti3C2Tx MXene sheets with prolonged 

interlayer spacing, while UV–Visible 

spectroscopy confirmed its optical features. 

Electrochemical measurements in a 3-

electrode setup on nickel foam demonstrated 

outstanding capacitive performance, attaining 

a large specific capacitance of 535 F g-1 at 1 A 

g-1. The CV and GCD results revealed fast 

charge storage ability, while EIS analysis 

showed low Rct (3.14 Ω) and efficient charge 

movement. The enhanced electrochemical 

behaviour is mainly attributed to the high 

electrical conductivity, available superficial 

area, and fast ion transport pathways within 

the Ti3C2Tx MXene nanosheets. Overall, these 

findings reveal Ti3C2Tx MXene as a highly 

promising material for electrode in 

revolutionary high-performance 

supercapacitors. 
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