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Transition metal carbides/nitrides and transition metal carbonitrides are collectively known as 

MXenes. Among the various MXenes available to date, titanium carbide (Ti3C2Tx) MXene is the 

most explored material due to its unique characteristics such as large surface area, good  

electronic conductivity, easy processability, etc. to name a few. Herein, we report the synthesis 

and characterizations of supercapacitor electrode comprising of Ti3C2Tx MXene nanosheets. The 

Ti3C2Tx MXene-based supercapacitor electrode synthesized via slurry coating followed by drop 

casting procedure. The electrochemical performances of the Ti3C2Tx MXene-based supercapacitor 

electrode are examined in a three-electrode cell set-up using characterization techniques such as 

electrochemical impedance spectroscopy and cyclic voltammetry. The Ti3C2Tx MXene-based 

supercapacitor electrode delivers a specific capacitance of 108.6 F/g at a scan rate of 5 mV/s. 

The electrochemical stability of the Ti3C2Tx MXene-based supercapacitor is examined for 

2000 continuous cycles and exhibits a 100% capacitance retention even after the cycling study. 
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The advancements in the area of nanoscience and 

nanotechnology play a pivotal role in implementing a 

digital culture to the human era. The developments 

of novel materials in nanoscale dimensions exhibit 

extraordinary properties when compared to their bulk 

counterparts, which enabled them to use in a multitude 

of applications such as water purification, energy 

conversion and storage, etc. [1-3]. Modern electronic 

industry achieved a prominent development in the 

recent past and play a significant role in boosting the 

digital technologies for real-time applications. More 

prominently, development in the consumer electronics 

such as smart phones, wearable gadgetries, etc. has 

changed the lifestyle of the community. All these 

electronic devices require power sources such as 

batteries to power them [4-5]. The advancement in 

the rechargeable batteries such as lithium-ion batteries 

paved a significant role in powering various electronic 

devices at a cheaper rate [6-8]. The main demerit of 

rechargeable batteries lies in their low power densities 

[9-11]. Rechargeable batteries are not suitable for high- 

power applications such as in electric cars like Tesla. 

To eradicate this issue, novel electrochemical energy 

storage devices are evolved, known as electrochemical 

capacitors or supercapacitors or ultracapacitors [12-

13]. The electrochemical capacitor or supercapacitor 

achieved higher degree of attention due to their faster 

charge/discharge capabilities, higher power densities 

and long cycle life [11, 14-15]. 

 

The charge storage performance of a super-

capacitor depends mainly on the type of electrode-

active material used in its electrodes [16-17]. The 

salient features of a good electrode material for super-

capacitor application are large surface area, good  

electronic conductivity, good chemical stability  

and good electrochemical stability [18, 19]. The 

electrode-active materials exhibit different types of 

charge storage mechanisms. Based on the type of 

charge storage, supercapacitors are divided in to three 

categories: (i) electrochemical double layer capacitor 

(EDLC), (ii) pseudocapacitor (or redox capacitor), and 

(iii) battery-type hybrid supercapacitor (otherwise 

known as supercapattery) [20-21]. In an EDLC, the 

charges are stored by the reversible electrochemical 

adsorption/desorption of electrolyte-ions in the 

electrolyte at the electrode/electrolyte interfaces 

[22-23]. The electrode-active materials are of great 

importance for EDLC include graphene, carbon 

nanotubes, carbon aerogel, etc. [24-25]. A pseudo-

capacitor stores charges within it by the rapid surface 

redox reactions. The different types of pseudocapacitive 

materials explored in the recent past include transition 

metal dichalcogenides (such as MoS2, CoS2, NiS2, etc.), 

transition metal oxides (such as V2O5, CuO, NiO, Fe2O3, 

etc.), electronically conducting polymers (such as poly- 

aniline, polypyrrole, etc.), etc. [26-29]. These pseudo-

capacitive materials have limitations such as reduced 

electrical conductivity, higher cost of production, 

structural instability and restricted cycle life when 
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used in supercapacitors [30-31]. These demerits make 

hurdle for their further exploration in industrial 

applications. A third category of supercapacitor 

namely battery-type hybrid supercapacitors are 

achieved great interest recently. When the battery-

type electrodes (means the charge storage 

phenomenon is mostly by means of diffusion-controlled 

mechanisms like in batteries) are used in a 

supercapacitor, it is termed as a supercapattery [32]. 

An important thing to be noted here is the performance 

parameter for a supercapattery is specific capacity and 

not specific capacitance as in the case of EDLC and 

pseudocapacitor. The performance of EDLC and pseudo- 

capacitor are represented in units of farad per gram 

(F/g) whereas for supercapattery, it is Coulomb per 

gram (C/g) or milli-Ampere hour per gram (mAh/g). 

 

The development of highly-efficient electrode-

active materials for supercapacitor application at a 

reduced cost, higher power and energy densities and 

efficient cyclic stabilities, to satisfy increase in energy 

demand of the current era of electronic devices is not 

an option but a necessity [33]. Layered ultrathin two-

dimensional (2D) materials are excellent candidates 

for supercapacitor electrode application due to their 

large surface area and porous architecture [34]. 

Transition metal carbides, transition metal nitrides and 

transition metal carbonitrides are collectively known 

as MXenes [35]. The various MXenes available are 

titanium (Ti) carbide (Ti3C2Tx) MXene [36-37], 

vanadium carbide MXene [38], Ti nitride MXene 

[39], chromium carbide MXene [40], etc. Among the 

various MXenes available to date, Ti3C2Tx MXene is 

the most explored material due to its unique 

characteristics such as large surface area, good 

electronic conductivity, easy processability, etc. to 

name a few [41]. Within this, MXenes possess a 

general formula Mn+1XnTx (n = 1, 2, 3 or 4), here 

‘M’ an early transition metal, ‘X’ is carbon/nitrogen 

and Tx is a surface terminal group like –O, –OH 

and/or –F species [42]. MXenes are commonly 

prepared by selective etching of ‘A’ element from its 

parent Mn+1AXn phase, labelled it as MAX, here ‘A’ 

corresponds to group IIIA or IVA element in the 

periodic table [43]. Currently, MXenes are explored 

with its unique features like higher metallic 

conductivity, presence of abundant surface 

functional groups, hydrophilic character, good 

chemical stability and thermal stability which make it 

as an efficient electrode material for supercapacitor 

[44-45]. Ti3C2Tx MXene is a largely explored MXene 

and is widely used as a supercapacitor electrode due to 

higher Young's modulus, higher melting point, large 

interlayer spacing and prominent electrical and 

thermal conductivity [46]. In comparison to 

other MXenes, Ti3C2Tx MXene has prominent 

interest due to availability of precursor, structural 

stability and higher electrical conductivity [47].  

In this study, we have synthesized Ti3C2Tx 

MXene using fluoride-etching method and further 

used it as a supercapacitor electrode. The electrochemical 

performance of the as-synthesized Ti3C2Tx MXene 

is tested in a three-electrode compartment cell using 

techniques such as electrochemical impedance spectro-

scopy (EIS) and cyclic voltammetry (CV). 1 M KOH 

(aqueous) electrolyte is used for the electrochemical 

testing. The layered 2D Ti3C2Tx MXene-based super-

capacitor electrode exhibits a specific capacitance of 

108.6 F/g at a scan rate of 5 mV/s.  

 

EXPERIMENTAL SECTION 

 

Chemicals and Materials 

 

Perfluorosulfonic acid (PFSA) dispersion and N-methl- 

2-pyrrolidone (NMP) (C5H9NO; 99%) were 

purchased from Sigma-Aldrich. Super-P carbon black 

was supplied by Atrish Technic Services Sdn Bhd, 

Malaysia. Ti powder (99.5%, 325 mesh), aluminum 

(Al) powder (99.5%, 325 mesh), and graphite powder 

(99.5%, 325 mesh), LiF and HCl were procured from 

Alfa Aesar, USA. All reagents were of analytical 

grade and were used without further purification.  

 

Synthesis of Ti3C2Tx MXene 

 

In this study, we combined 15 ml of 9 M HCl solution, 

1.6 g LiF, and 5 ml of deionized water. The as-prepared 

MAX phase is then introduced into this mixture 

carefully. The mixture was subjected to a controlled 

heating process at 38°C for 24 h. Heating was  

performed within a high-density polyethylene container, 

which was securely sealed with a lid during heating. 

To ensure thorough and uniform dissolution of the 

reactants, the mixture was continuously stirred for 24 h. 

Once this chemical etching reaction was completed, 

the sample was rinsed repeatedly with deionized 

water. This rinsing step aimed to neutralize the pH of 

the sample and effectively remove any excess 

chemicals. Subsequently, the treated samples were 

subjected to an overnight drying process in a 

vacuum oven at 60°C. The resultant material was 

designated as Ti3C2Tx MXene. 

 

Material Characterizations 

 

The microstructure and surface morphology of the 

samples were examined using scanning electron 

microscope (SEM) imaging (Hitachi SU8000, Japan). 

The elemental compositions as well as the 

distributions of elements in the samples were 

determined using an energy-dispersive X-ray spectro-

scope (EDX) connected to the SEM. The mass of 

samples was measured using a high-precision micro-

balance (Ohaus, China, Model no EX224) with a 

readability of 10 µg. The structure and lattice properties 

of samples were investigated by the D/teX Ultra2 

X-ray diffractometer (Rigaku, Japan) with Cu Kα 

radiation (λ = 0.154 nm) within a range of 2θ = 3 - 90° 

at a scan speed of 2°/minute under texture mode. 
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Preparation of Supercapacitor Electrodes 

 

The Ti3C2Tx MXene was used as supercapacitor  

electrode-active material. Slurry coating was opted to 

prepare the supercapacitor electrode. In a typical 

procedure, a slurry was prepared using 3.75 mg active-

material (i.e., Ti3C2Tx MXene), 0.75 mg Super-P carbon 

black and 10 µl of PFSA solution. The slurry was mixed 

thoroughly with the help of agate mortar and pestle by 

adding NMP drop-wise. This slurry was further 

drop-casted on to a cleaned nickel (Ni) foam 

substrate. The as-synthesized supercapacitor electrode 

was dried at 70ºC in an oven for 12 h thenafter. The 

geometrical area of the electrode was 1 cm2. A 

high-precision microbalance was used to measure the 

mass of electrode-active material (i.e., Ti3C2Tx 

MXene). 

 

Electrochemical Characterizations 

 

The electrochemical performances of the supercapacitor 

electrode fabricated using Ti3C2Tx MXene are examined 

using EIS and CV analyses. The supercapacitor electrode 

was tested in a three-electrode cell configuration by 

keeping electrode-active material as working electrode, 

platinum wire as counter electrode, and saturated 

Calomel electrode as reference electrode [48]. The 

EIS analysis was carried out within a frequency 

range of 100000 - 0.01 Hz. The CV analysis was 

performed within a potential window of 0 - 0.6 V at 

different scan rates such as 5 mV/s, 10 mV/s, 20 mV/s, 

40 mV/s, 60 mV/s, 80 mV/s, and 100 mV/s. All the 

electrochemical characterizations were carried out 

using 1 M KOH (aqueous) electrolyte. 

 

RESULTS AND DISCUSSION 

 

The crystal structure of Ti3C2Tx MXene is determined 

using XRD analysis. Figure 1 shows the XRD spectra 

of TiC and Ti3C2Tx MXene, which display diffraction 

peaks positioned at 2θ = 7.2° (002), 13.9° (004), 29.2° 

(012), 36.9° (104), 42.3° (105) and 61.1° (016) and 

agrees with the crystal structure data for Ti3C2Tx 

reported in the literature [49]. The (002) diffraction 

peak in Ti3AlC2 is found to be broadened and shifted 

at a lower grazing angle, indicating an increased 

interlayer spacing of MXene nanosheets caused due 

to the delamination effect introduced by the 

etchants; LiF and HCl. The etching treatment using 

this mixture is not just to etch Al layers in the MAX 

phase but to delaminate MXene nanosheets 

simultaneously. Similarly, the secondary phase (004) 

peak of the Ti3AlC2 is also changed towards a lower 

angle. The XRD analysis confirms the successful 

formation of Ti3C2Tx MXene. The as-synthesized 

Ti3C2Tx MXene exhibited a layered 2D architecture, 

good chemical and electrochemical stabilities, etc. 

[50]. These properties are suitable for application as 

an electrode-active material for supercapacitor 

application. Hence, we have selected Ti3C2Tx MXene as 

an efficient electrode-active material for supercapacitor 

application [51]. The microstructure and surface 

morphology of the Ti3C2Tx MXene-based 

supercapacitor electrode is examined by SEM 

imaging. Figure 2(a-c) represents the SEM images 

of Ti3C2Tx MXene-based supercapacitor electrode 

at different magnifications. From these images, it is 

clear that the Ti3C2Tx MXene nanosheets are coated 

on Ni foam substrate via drop-casting method. The 

three-dimensional morphology of the Ni foam substrate 

incorporated with layered 2D Ti3C2Tx MXene 

nanosheets boosts the interaction of Ti3C2Tx MXene 

nanosheets with the electrolyte-ions from the 

electrolyte during the redox reactions. Nanostructured 

porous architecture is highly preferred for supercapacitor 

electrode since the electrochemical charge storage of 

supercapacitor is mainly depends upon the electrode 

nanostructure [52-53]. The determination of various 

elements in the Ti3C2Tx MXene-based super-

capacitor electrode is determined by EDX analysis 

and Figure 2(d) shows the EDX spectrum of the Ti3C2Tx 

MXene-based supercapacitor electrode. The 

various elements such as nickel (Ni), carbon (C), 

oxygen (O), Ti, and Al were observed. The presence 

of Ni arises from the Ni foam substrate used for the 

fabrication of supercapacitor electrode. The presence 

of O and Al is inevitable as oxygen arises from the 

possible air oxidation of the Ti3C2Tx MXene 

nanosheets and Al arises from the unetched reaction 

product during the synthesis [54]. The distribution 

of these elements within the Ti3C2Tx MXene 

supercapacitor electrode is determined using EDX 

elemental mapping and Figure 3(a-e) depicts the EDX 

mapping images for the elements Ni, C, O, Ti, and Al. 

The elements are uniformly distributed over the 

entire volume means the uniform distribution of the 

electrode-active material, Ti3C2Tx MXene 

nanosheets on Ni foam substrate. The synthesis of 

Ti3C2Tx MXene and Ti3C2Tx MXene-based 

supercapacitor electrode is confirmed from the XRD 

analysis, SEM imaging and EDX mapping analysis. 
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Figure 1. XRD spectra of TiC and Ti3C2Tx MXene. 

 

 

 

 
 

Figure 2. (a-c) SEM images and (d) EDX spectrum of the freshly-prepared supercapacitor electrode comprising 

of Ti3C2Tx MXene coated on Ni foam substrate. 
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Figure 3. EDX elemental mapping images of the freshly-prepared supercapacitor electrode comprising of 

Ti3C2Tx MXene coated on Ni foam substrate for the elements (a) Ni, (b) C, (c) O, (d) Ti, and (e) Al. 

 

 

The electrochemical performance of the as-

prepared Ti3C2Tx MXene-based supercapacitor electrode 

is evaluated in a three-electrode cell configuration 

where the Ti3C2Tx MXene coated on Ni foam is used 

as the working electrode, platinum wire used as the 

counter electrode and saturated Calomel electrode is 

used as the reference electrode. A freshly-prepared 1 M 

KOH (aqueous) electrolyte was used for the 

electrochemical measurements. The capacitive 

behavior of the Ti3C2Tx MXene electrode is evaluated 

using EIS analysis. Figure 4(a) represents the Nyquist 

plot of Ti3C2Tx MXene electrode and Figure 4(b) 

shows the Nyquist plot corresponding to the high-

frequency regions. This Nyquist plot exhibits three 

distinct regions. The first segment is a semi-circle in 

the high-frequency region and the second one is 

a Warburg-line with a slope of ~45o in the mid to high-

frequency region [55]. A curve nearly vertical line to 

Y-axis at low-frequency region can be observed from 

the Nyquist plot, which represents the ideal capacitive 

behaviour of the Ti3C2Tx MXene. The CV curves 

of Ti3C2Tx MXene electrode is evaluated within a 

potential range of 0 - 0.6 V and the CV curves 

obtained at different scan rates is shown in Figure 

5(a). These CV curves consist of a pair of oxidation 

and reduction peaks, indicates pseudocapacitive 

characteristics of the Ti3C2Tx MXene. From these 

CV curves, it can be observed that there exists a 

shift in the redox peak position with respect to  

the scan rate. Since the Ti3C2Tx MXene-based 

supercapacitor electrode exhibits pseudocapacitive 

behavior, the charge storage is purely by means of 

redox reactions [56]. Since the redox reactions are 

purely controlled by the interactions of the electrode-

active material with the electrolyte-ions, the scan rate 

plays a crucial role in determining the rate of reaction 

to occur. At higher scan rates, due to less residence 

time, there will be less redox reactions to occur. But 

at lower scan rates, the probability of getting the 

electrolyte-ion interaction is high hence there will be 

profound redox reactions with the electrode-active 

material. Since the Ti3C2Tx MXene exhibits a layered 

2D architecture, the electrolyte-ions can move towards 

the spaces available within the nanosheets [46]. Such 

porous electrode nanostructures are suitable for attaining 

high-performance in supercapacitors [57]. The 

electrochemical performance of Ti3C2Tx MXene- 

based supercapacitor electrode is calculated from 

the CV analysis and the mass specific capacitance 

(capacitance per mass of the electrode-active material) 

is calculated at different scan rates. The mass specific 

capacitance (F/g) of electrode-active material is 

calculated from following equation [58], 

 

Qm,cv =
1

MʋV 
∫ I x VdV

Vf

Vi
       (1) 

 
Where, ‘M’ is the mass of electrode-active 

material (only considering the mass of Ti3C2Tx MXene), 

‘I’ is the current, ′ʋ′ is the scan rate (in mV/s), ‘𝛥t’ is 

the time and V the potential window. Figure 5(b) 

depicts a comparative analysis of the mass specific 

capacitance of the Ti3C2Tx MXene electrode at 

different scan rates ranging from 5 mV/s to 100 mV/s. 

The Ti3C2Tx MXene-based supercapacitor electrode 

delivered a maximum mass specific capacitance of 

108.6 F/g at a scan rate of 5 mV/s. As the scan rate 

increases, the charge storage performance of the Ti3C2Tx 

MXene-based supercapacitor electrode is found to get 

diminished. The reason is that the electrode-active 
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material receives enough time (residence time) to 

interact with the electrolyte-ions within the 

electrolyte at lower scan rates whereas it is not 

possible at higher scan rates. To evaluate the 

cycling stability of the Ti3C2Tx MXene-based 

supercapacitor of electrode, cycling study was carried 

out using CV analysis for continuous 2000 cycles at a 

constant scan rate of 50 mV/s. The cycling stability 

or cycle life is an important performance criterion for 

commercial application of a supercapacitor since it 

should be durable for long-run applications [59]. The 

mass specific capacitance of the Ti3C2Tx MXene-based 

supercapacitor of electrode is found to be unaltered 

even after completing 2000 cycles. To compare the 

performance after the cycling study, the CV curves of 

the Ti3C2Tx MXene-based supercapacitor of electrode 

at its first cycle and 2000th cycle are plotted in 

Figure 6. The area under the CV curve provides 

an insight on the charge storage capability of 

supercapacitor electrode. From Figure 6, it can be 

seen that the Ti3C2Tx MXene-based supercapacitor 

electrode after cycling study exhibited an area under 

the curve same to that of its first cycle without any 

decrement. The redox peaks are found to have shift due 

to the activation of supercapacitor electrode, which is 

very common during cycling due to the opening and 

closing of new/old pores within the electrode 

nanostructure [60-62]. This proves the potential of the 

Ti3C2Tx MXene-based supercapacitor electrode for 

futuristic commercial applications. 

 

 

 
 

Figure 4. (a) Nyquist plot of Ti3C2Tx MXene-based supercapacitor electrode and (b) Nyquist plot of Ti3C2Tx 

MXene-based supercapacitor electrode at high-frequency region. 

 

 

 

 
 

Figure 5. (a) CV curves of Ti3C2Tx MXene-based supercapacitor electrode at different scan rates and (b) Plot of 

variation in the mass specific capacitance of Ti3C2Tx MXene-based supercapacitor electrode at different scan 

rates. 
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Figure 6. CV curves of Ti3C2Tx MXene-based supercapacitor electrode at its first cycle and at 2000th cycle. 

 
 
 

 
 

Figure 7. (a-c) SEM images and (d) EDX spectrum of the supercapacitor electrode comprising of Ti3C2Tx 

MXene coated on Ni foam substrate after the completion of 2000 cycles. 

 

 

The examination of microstructure and surface 

morphology of the Ti3C2Tx MXene-based supercapacitor 

electrode after the cycling study is mandatory to 

understand the reason behind 100% capacitance 

retention even after completing 2000 cycles. Figure 

7(a-c) represents the SEM images of Ti3C2Tx 

MXene-based supercapacitor electrode after the 

cycling study. From these SEM images, it is clear that 

the Ti3C2Tx MXene-coated Ni foam substrate is not 

damaged or not ruptured after the redox reactions 

during the CV analysis. The portions of the SEM 

micrographs contain Ni surface with some deposition 

other than the Ti3C2Tx MXene, which are nothing but 

the accumulated salt from the electrolyte upon drying 

the electrode after the cycling study (since drying is 

required for SEM imaging). The charge storage 

capabilities of the supercapacitor electrode diminishes 

when the electrode nanostructure ruptures.  
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Figure 8. EDX elemental mapping images of the freshly-prepared supercapacitor electrode comprising of 

Ti3C2Tx MXene coated on Ni foam substrate for the elements (a) Ni, (b) O, (c) Ti, (d) C, and (e) Al. 

 

 

In this study, we have not observed any 

capacitance deterioration even after the completion of 

2000 cycles. The determination of various elements 

present in the Ti3C2Tx MXene-based supercapacitor 

electrode after the cycling study is carried out by EDX 

analysis and Figure 7(d) shows the EDX spectrum 

of the supercapacitor electrode. The various elements 

such as Ni, O, Ti, C, and Al can be observed similar to 

the freshly-prepared supercapacitor electrode before 

cycling study. The distribution of these elements 

within the supercapacitor electrode is determined 

using EDX elemental mapping. Figure 8(a-e) depicts 

the EDX mapping images for the elements Ni, O, Ti, 

C, and Al. These elements are uniformly distributed 

over the entire volume means the presence of 

electrode-active material, Ti3C2Tx MXene on the Ni 

foam substrate after the cycling study. This shows 

the excellent stability of the Ti3C2Tx MXene-based 

supercapacitor electrode.  

 

CONCLUSIONS 

 

We have successfully synthesized Ti3C2Tx MXene 

from its respective MAX phase and further used it for 

fabricating a supercapacitor electrode. The 

supercapacitor electrode was fabricated by slurry 

coating method followed by drop-casting 

technique. The as-prepared Ti3C2Tx MXene-based 

supercapacitor electrode exhibited a porous three-

dimensional morphology. The microstructure and 

surface morphology of the Ti3C2Tx MXene-based 

supercapacitor electrodes were examined using 

SEM imaging and the distribution of various elements 

within the supercapacitor electrode were characterized 

using EDX mapping analysis. The Ti3C2Tx MXene-

based supercapacitor electrode delivered a 

maximum mass specific capacitance of 108.6 F/g at 

a scan rate of 5 mV/s in 1 M KOH (aqueous) electrolyte. 

The electrochemical cycling stability of Ti3C2Tx 

MXene-based supercapacitor electrode was tested 

for 2000 continuous cycles by performing CV 

measurement at a constant scan rate of 50 mV/s and 

observed that 100% of its initial capacitance was 

retained even after the cycling study. The reason why 

the electrode retained its initial capacitance after the 

cycling study is manifested as the possession of 

structural integrity and mechanical stability possessed by 

the Ti3C2Tx MXene-based supercapacitor electrode. 

This was confirmed by examining the microstructure 

and surface morphology of the Ti3C2Tx MXene-based 

supercapacitor electrode after cycling study using the 

SEM imaging and EDX analyses. The present 

study proclaims the preparation of novel hierarchical 

electrode comprising of Ti3C2Tx MXene as an 

electrode-active material possessing excellent 

charge storage characteristics for next-generation 

supercapacitors.  
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