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Abstract  Keywords 

Research on new-generation materials to meet the energy needs has begun to 

attract attention. Recetly, energy storage in materials has become the most 

researched area. As a result of the reaction of the MAX phase 312 Ti3SiC2 

powder with hydrofluoric acid, a new 2D nanosized layered powder called 

MXene, similar to graphene, was obtained. MXenes, which have been studied in 

various sectors, especially energy, have attracted the attention of researchers 

owing to their multilayered structures. When Ti3SiC2 powder was treated with 

hydrofluoric acid (HF), an accordion-like two-dimensional Ti3C2Tx MXene 

structure was formed. In MXenes, surface coatings such as –O,–OH, and –F 

groups, which determine and affect various aspects of 2D materials, such as 

conductivity, constitute the application area. In this study, Ti3C2(OH)2–O 

and/or–OH surface terminations were examined using density functional theory 

(DFT) with the effect of the hydrofluoric acid etching time. Quantum Espresso 

program was used for DFT calculation. X-ray diffraction (XRD) and scanning 

electron microscopy (SEM and FESEM) were used to examine the MXene-

phase Ti3C2Tx powder and first-principles calculations were performed. The 

structural and electronic properties of MAX and MXene compounds were 

determined. The spin-orbit effect (SOI) was examined in the electronic structure 

of MXene. The total and partial densities of states (DOS) with and without spin 

orbit were calculated. 
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1. INTRODUCTION 
 

In 2011, a team led by Drexel University's Yury Gogotsi and Michel W. Barsoum discovered that 

selective etching of the MAX phase could yield a novel 2-dimensional transition metal carbide phase. 

The removal of the A layer from the MAX phase (MX) and its similarity to graphene (ene) resulted in 

the formation of MXene, a novel 2-dimensional carbide/nitride phase transition metal. Selective etching 

of Al was achieved by immersing Al-containing MAX phases in hydrofluoric (HF) acid, resulting in 

two-dimensional (2D) materials called MXenes [1], [2], [11]–[14], [3]–[10]. MXenes, the most 

researched materials, have been used in lithium-ion batteries, electrochemical capacitors, and fuel cells. 

Furthermore, the rich chemistry of MXenes, along with their ability to modify the composition, even 

along a single atomic plane, provide intriguing qualities for "temporary" battery designs, where the 

electrode can operate depending on the material used [15]–[17]. By integrating Li-ions into MXene 

layers, MXene appears to be a good candidate for electrode materials for Lithium-ion batteries (LIBs) 

and supercapacitors. MXene reveals that it has the potential to be an excellent high-capacity anode 

material [15], [18]–[21]. 

 

MAX phases are carbides or nitrides with three layers, and their theoretical formula is Mn+1AXn (n = 1, 

2, 3). Where M is an early transition metal, A is a group A element, and X is either carbon or nitrogen. 

MAX Phases have good electrical and thermal conductivities (e.g., metals), easy machinability, 

flexibility, good thermal shock resistance (e.g., ceramics), high strength, toughness, high temperature, 

and thermal and chemical stability. It is a fantastic material that combines the qualities of metals and 

ceramics [22]–[25]. MXene is a two-dimensional (2D) transition metal carbide and nitride nanomaterial 

with the chemical formula Mn+1XnTx. Tx represents the surface group. Tx surface terminations include 

fluorine (–F), hydroxyl (–OH), and oxygen (–O) [26]–[32].  

 

MXenes are used in a wide range of applications. Field effect transistors [7], [33]–[36], biomaterial [6], 

[37], [38], suitable substrate for paints [13], [35], electromagnetic interface screensavers [32], [39], 

electrodes [7], [8], [26], [40], [41], catalyst [28], [32], [42], optical [32], [43], batteries [26], [44]–[47], 

composites [26], [32], reactor [30], [48], [49], sensor (gas sensor, biosensor, pressure sensor, strain 

sensor) [6], [8], [26], [50]–[52], water treatment  [6], [8], [14], [26], [50], super capacitor [28], [32], 

transparent conductors [6], [32] is used. Finishing processes for MXene production (–F, –O, and/or –

OH); 

 

                      𝑀𝑛+1𝐴𝑋𝑛 + 3𝐻𝐹     →  𝐴𝐹3 +  
3

2
𝐻2 +  𝑀𝑛+1𝑋𝑛                   (1) 

                        𝑀𝑛+1𝑋𝑛 + 2𝐻2𝑂    →  𝑀𝑛+1𝑋𝑛(𝑂𝐻)2 + 𝐻2                                  (2) 

                            𝑀𝑛+1𝑋𝑛 + 2𝐻𝐹 →   𝑀𝑛+1𝑋𝑛𝐹2 + 𝐻2                                          (3) 

 

 

The supernatant (AF3) and 3/2H2 were removed from the MAX phase when combined with hydrofluoric 

acid (Equation 1) to produce Mn+1Xn. MXene is produce when the Mn+1Xn phase combines with either 

water (Equation 2) or hydrofluoric acid (Equation 3). The surface termination in Equation 2 is oxygen 

(–O) and/or hydroxyl (–OH). The surface termination in Equation 3 is fluorine (–F) [34], [53]. The 

surface-finishing processes of Ti3SiC2 are presented in Tables 1 [29], [50], [54], [55].  The Tx component 

of Ti3C2Tx formed as a result of these reactions can be –F (Ti3C2F2), –O (Ti3C2O2), or –OH (Ti3C2(OH)2) 

[56]–[60]. 

 

 

 

 

 



Ekici et al. / Estuscience – Se , 25 [3] – 2024 

 

343 

Table 1. Different surface finishing processes of Ti3SiC2 [61]–[63]. 

 

Step 1 Step 2 

Ti3SiC2 + 3HF = Ti3C2 + SiF3 + 3/2H2 

    Ti3C2 + 2HF   =  Ti3C2F2 + H2 

    Ti3C2 + O2       =  Ti3C2O2 

    Ti3C2 + 2H2O =  Ti3C2(OH)2 + H2 

 

Owing to their ceramic properties, MXenes are chemically and mechanically stable. MXenes have 

various shapes and sizes, including single- and multilayered structures. It can be made as a complex 

material from a mix of light and heavy transition metals, allowing the number of valence electrons and 

relativistic spin-orbit coupling to be adjusted. This improved the electronic performance and mechanical 

stability of the devices. Thus, the thickness of the MXene layer can be changed. MXene surfaces can be 

functionalized with various chemical groups, allowing surface state engineering. Some MXenes exhibit 

massless Dirac dispersions in bands close to the Fermi level. This broadens the scope of dirac-based 

physics and its applications. These characteristics distinguish MXene from other compounds. The 

electrical properties of MXenes, such as conductivity, band gap, and operational function, are 

determined by their terminal groups and X-elements, which determine whether they are metallic or 

semiconducting [32], [64]. 

 

MAX-phase bonding generally involves metallic, covalent, and ionic interactions. A strong M - X link 

is covalent, metallic, and ionic, whereas an M - A bond is metallic. The weak ionic-covalent connections 

between M and X are too strong to break easily. They were separated into three groups: 2 (211), 3 (312), 

and 4 (413), corresponding to the M layer, depending on the number of M layers separating the A layers. 

MAX phases have structures that are composed of several metals. Ionic M-A bonds are connected by 

weak covalent M-X bonds. Consequently, the atoms of element A are far more reactive than those of 

elements M and X. The most basic principle for accessing MXenes is selective etching; using an acidic 

fluoride solution, removing A element layers without damaging the M-X bonds is possible. MAX phases 

have high binding strength owing to their metallic, ionic, and covalent bonds. Because the metallic link 

between Ti and Si is weaker than the covalent bond between Ti and C, HF etching selectively eliminates 

the Si layer from Ti3SiC2. The Ti3C2 layers were joined with Si atomic layers, which acted as mirror 

planes in Ti3SiC2. Si-Ti bonds are weak, but Ti-C bonds are significantly more durable. Ti3SiC2 exhibits 

exceptional mechanical characteristics and chemical stability at high temperatures. The structure 

combines metallic and ceramic characteristics with layered crystalline metallic (M-A) and covalent (M-

X) links. The MAX phases are good thermal and electrical conductors. M-X bonds are among the most 

powerful in nature [14], [15], [42], [52]. 

 

The addition of metal ions or organic molecules and the combination of inorganic particles and MXene 

layers control and optimize the MXene properties [50]. MXene (Ti3C2Tx) layers can be intercalated in 

various ways owing to the weak bonds between the Mn+1Xn layers [6], [34]. The number of hydrogen 

bonds and/or the bonds between the Van der Waals Ti3C2Tx layers decreased after joining dimethyl 

sulfoxide (DMSO) [65], [66]. Inorganic molecules (metal cations and water) can easily combine with 

MXene, widening the space between layers [6], [34], [67]. MXenes with these molecules, followed by 

mechanical vibration or sonication in water, form colloidal monolayers and multilayer MXenes [26]. 

After intercalation, single or few layers of Ti3C2Tx were split into layers (nanosheets/flakes) by direct 

handshaking or mechanical vibration (bath sonication stage), and a stable colloidal solution was formed 

[34], [65], [68], [69]. 
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2. EXPERIMENTAL PROCEDURES 

 

MAX phase powder-mixing ratio was used for MXene synthesis. The MAX-phase powder was mixed 

with 10 mL of acid solution [2], [55], [61]–[63], [70], [71]. In the experiments, Teflon Magnetic Fish 

(PTFE) and plastic beakers did not react. The mixture was stirred using a magnetic stirrer with Teflon 

magnetic fish in a plastic bottle [45], [72].  

 

MAX-phase Ti3SiC2 powder with a 200-mesh size and 98 per cent purity (2% TiC) was obtained from 

Forsman Scientific (Beijing) Co., Ltd. For 1 g of Ti3SiC2 powder, 10 ml of acid solution was used.Acid 

(50 per cent) was used as an acid. The powder was slowly added to the solution owing to the exothermic 

reaction. The resultant solution was mixed for 8 h and 32 h in a fume hood with a magnetic stirrer set at 

750 rpm. Table 2 lists the codes for the sample samples prepared based on the mixing time. 

 
Table 2. Mixing times of Ti3SiC2 and Ti3C2Tx powders. 

 

       Sample  Acid/Solution Hours Code 

Sample 1 - - Ti3SiC2 

Sample 2 HF 8 HF-8 

Sample 3 HF 32 HF-32 

Sample 4 HF+HF 8+8 HF-HF-8 

Sample 5 HF+HF 32+32 HF-HF-32 

Sample 6 HF+HF+DMSO 8+8+18 HF-HF-DMSO-8 

Sample 7 HF+HF+DMSO 32+32+18 HF-HF-DMSO-32 

 

The PTFE was placed in a beaker to mix the plastic. The powders obtained after HF treatment were 

subjected to HF (HF-HF) treatment. Centrifugation with deionized water was rounded off in MXene 

manufacturing to neutralize the acidic environment caused by the reaction of MAX-phase particles with 

acid. A link exists between the pH level and the mixing process. The pH of the supernatant determines 

the time required for centrifugation. The pH value of the supernatant solution is 4-6 [6], [8], pH value 

is between 5-6 [18], [29], [34], [42], [65], [69], pH value is between 6-7 [15], [35], [46]. In some studies, 

the pH was considered sufficient to achieve neutrality [9], [36]. More centrifugation was required to 

achieve an appropriate pH shift, which was directly affected by centrifugation the HF reactions. 

Numerous elements influence the MXene production. Many factors alter the physical and chemical 

properties of MXenes, which, in turn, affect their quality. The solution ratio, mixing duration, acid 

variety, organic chemicals, temperature, pressure, and surface finishing are the most critical variables. 

One of the most important factors that determines the quality and yield of MXenes is the solution ratio. 

The chemical stability of MXene increases as the number of layers increases. Ti3C2Tx has 50 per cent 

HF and 100 per cent efficiency, whereas Ti2CTx has 60 per cent efficiency with only 10% HF [20]. For 

MXenes, the mixing time is effective for surface finishing. Increasing the-O terminations while lowering 

the HF concentration lowers the-F terminations [14]. Some XRD peaks may vanish, whereas others may 

return because of mixing time. The processing time increased with HF to attain higher angle values. 

This indicates that when the processing time with HF increases, the d-distances of the planes decrease 

[73]. The increased mixing time reduces the particle size, resulting in a faster transition from the MAX 

phase to the MXene phase. Although there was no notable change in the mixing after a short period, the 

MXene phase was created with alterations in the MAX phase structure over long mixing times [52]. The 

mixing time decreased with an increase in the temperature of the mixture. Temperature and time showed 

an inverse relationship. For example, mixing for 48 h at 35 °C is comparable to mixing for 24 h at 60 

°C [1].   

 

The Al layers were replaced with surface terminal groups presumed to be –O,–OH, and/or –F during the 

chemical etching of the MAX phases to form the MXene phases. According to DFT calculations, surface 

terminations can directly or indirectly modify the electronic characteristics of MXenes from 
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semiconductors with small bandgaps to semiconductors with wide bandgaps. Termination causes 

variations in the bandgap. The capacity of oxygen-terminated MXenes was calculated to be higher than 

those of hydroxyl- and F-terminated MXenes [14]. Centrifugation is necessary for manufacturing 

MXenes. After combining with acid, the centrifugation speed and time helped the solution to become 

neutral (pH 5-6). Although the centrifuge speed varied, it was typically set to 3500 rpm [34]–[36], [69]. 

The fluid and powder were mixed using a magnetic stirrer and transferred to a centrifuge tube. 

Centrifugation was performed at 3500 rpm for 5 min [62], [63]. pH measurements were performed in 

the supernatant of the centrifuge tube before it was emptied. The pH meter was washed with distilled 

water for each particle size. Centrifugation was performed for 5 min until the pH level reached 5-6. 

After centrifugation, the pH of the MXene powder increased logarithmically. There was a proportionate 

variance between the time spent mixing with HF and the time spent centrifuging (Fig.1). 

 

 
 

Figure 1. pH change in the powder produced with hydrofluoric acid (HF) by centrifugation. 

 

Filtering removes the MXene particle solution from deionized water. A mud (clay)-like structure was 

formed after filtration [33], [36], [42], [52], [74], [75]. After mixing, the supernatant was filtered using 

a filter. The liquid waste portion of the supernatant was emptied into other containers. Following 

centrifugation of the solution obtained by mixing it with HF, the supernatant-colored turquoise was 

obtained. The amount of silicon in the supernatant was determined by chemical analysis. The layers 

generated by breaking the Van der Waals bonds between the layers were split into further layers by 

sonication after intercalation with an organic solvent (e.g. dimethyl sulfoxide). This enables mechanical 

vibration or hand shaking to open layers [26], [34], [66].  

 

Ethyl alcohol (40 mL) was poured into a glass beaker. The sonicator was sonicated for 6 hours in 1-hour 

chunks. Each hour, four cycles were completed at 15-minute intervals, with sonication creating 5-second 

pulses.  

 

Each cycle included a 5-minute rest time after the warm-ups. The mixture was submerged in an 

ultrasonic bath for one hour. For one gramme of MXene particles, 500 ml of deionized water was placed 

in an ultrasonic bath at a frequency of 37 kHz. The MXene particles broke and were delaminated in both 

the ultrasonic treatments. The layered MXene structures were mixed with DMSO for 18 h at room 

temperature. To 1 g of MXene, 20 ml DMSO was used [42], [52], [64], [65], [76]. The mixture was 

centrifuged at 4000 rpm for 10 min to separate the DMSO from the mixture. This phenomenon is known 

as delamination [14], [15], [21], [67]. After centrifugation, the mixture was filtered through a 200 nm 

porous membrane filter. It was then dried in a vacuum oven at 70 °C for 24 h [15], [34], [35], [67], [77]. 

Figure 2 shows the MXene phase. 
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Figure 2. MXene production steps 

 

After centrifugation and filtration, a moist, clay-like texture was observed. The powders were dried in a 

vacuum oven for 24 hours at a temperature of 70-80 oC [34], [65], [66], [78]. To filter the clay (mud) 

from the powder and separate it from the liquid, vacuum filtration was conducted for approximately one 

hour. Subsequently, it was dried in a vacuum oven at 70 °C for 24 h. Table 3 lists the chemical methods 

used for the powders. 

 
Table 3. Processes used in the manufacture of MAX Phase Ti3SiC2 powders using MXene. 

 

Code Etching Delamination Sonication Intercalation 

Ti3SiC2 - - - - 

HF-8 + + - - 

HF-32 + + - - 

HF-HF-8 ++ ++ + - 

HF-HF-32 ++ ++ + - 

HF-HF-DMSO-8 ++ ++ + + 

HF-HF-DMSO-32 ++ ++ + + 

 

There are losses in the powder production when MXene is produced from the MAX phase. One gram 

of Ti3SiC2 contained 0.140852 g silicon. The loss of silicon or the amount of silicon in the supernatant 

was determined using EDX analysis. The amount of silicon in the supernatant was measured.  

 

The silicon ratio in the supernatant solution is measured in ppm using the Spectro Arcos FHE16 model 

Inductively Coupled Plasma (ICP)-Optical Emission Spectrometer (OES) equipment (Figure 3). First, 

reference silicon standard solutions were prepared. The silicon content in the model (supernatant) was 

determined by comparing the ratio of the sample to the standard solution (Figure 3). Because of the 

reaction with HF, the MAX phase powders removed Si from the atmosphere; however, some Si 

remained in the powder. 
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Figure 3. MXene synthesis from the MAX phase resulted in a percentage weight loss of silicon in Ti3C2Tx powder. 

 

Because of the fluorine ratio in HF etching, a lower HF acid ratio results in more oxygen. In the etching 

process with 10% HF, more oxygen and less fluorine are observed than in the etching process with 50% 

HF. The most important factor in surface finishing is acidity [26], [42]. Because the etching process 

involves an exothermic reaction, vigilance should be exercised and the reaction vessel should be 

thoroughly ventilated [9], [50]. Owing to the risk associated with of HF, other acids can be used as 

alternative corrosives. The MXene layer developed flaws because of HF's high etching ability of HF 

[32], [50]. The functional groups in the generated MXenes impart hydrophilicity to surface terminations 

[68].     
 

2.1. Theoretical Calculations 

 

This study was carried out using the Quantum-Espresso [79], [80] simulation package based on density 

functional theory. The electron–electron interaction was processed by GGA using the existing Perdew-

Burke-Ernzerhof [81]. Coulomb interactions between valence electrons and ionic nuclei were described 

using full and scalar relativistic ultrasoft pseudopotentials to determine the effects of spin–orbit 

interaction (SOI) on the physical properties of all compounds studied. The maximum plane-wave cutoff 

energy was set at 60 Ry, whereas the electronic charge density was expanded on a basic cutoff basis up 

to 600 Ry. Self-consistent solutions of the Kohn-Sham equations were determined using Monkhorst-

Pack special k-points [82] within the Brillouin zone (BZ). While the total energy calculations for all 

compounds examined were performed on a (12×12×12) k-point network, this network was increased to 

(24×24×24) for electronic measurements. 

 

2.2. Structural and Electronic Properties 

 

The studied Ti3SiC2 and its MXene-phase Ti3C2(OH)2 compounds crystallized in a hexagonal p63/mmc 

(Wyckoff number of 194) structure, as shown in Figure 4. As shown in Figure 4 (a), the polyhedral was 

formed into an octahedral pyramid, with the Ti atom placed at its center. Some of the C atoms from the 

neighboring unit cells are also shown to better understand these polyhedra and bonds. Crossing Ti atoms 

formed six bonds with neighboring C and Si atoms. For Ti3C2(OH)2, polyhedra occur between Ti and C 

atoms and have a triangular pyramid shape. The coordinates of the Ti atoms were 2a (0.00,0.00,0.00), 4f 

(1/3, 2/3, zTi), Si atoms were 2b (0.00, 0.00, 1/4), C atoms were 4f (1/3, 2/3, zC), O atoms were 4e (0.00, 

0.00, zO), and H atoms were 4e (0.00, 0.00, zH). The lattice parameters of Ti3SiC2 were obtained from a 

previous experimental study [82]. Structural relaxation calculations were performed for Ti3C2(OH)2; 

structural relaxation calculations were performed, and the obtained values for its lattice parameters were 

𝑎 = 3.21 Å, and 𝑐 = 22.38 Å. The inner parameters for atoms are 𝑧𝑇𝑖 = 0.6122,  𝑧𝐶 = 0.5746, 𝑧𝑂 =
0.4133, and 𝑧𝐻 = 0.2151 for Ti3C2(OH)2. The C atoms formed three bonds with O atoms and one bond 

with a Ti atom, with a total of four bonds. The bond length between Ti-C in Ti3C2(OH)2 is 2.088 Å, which 

is longer than the corresponding value of 2.081 Å in Ti3SiC2. Because the electronegativities of the atoms 
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are different in both compounds, we can say that the bonding in the studied compounds is an admixture 

of covalent, ionic, and metallic behaviors. 

 

The calculated electronic band structure of the MAX Phase Ti3SiC2 compound is presented in Figure 5 

along with the high-symmetry directions of the Brillouin region of the hexagonal system. The Fermi 

level was set to 0 eV and is indicated by dashed blue lines with significantly high symmetry points. 

Because several bands cross the Fermi level along all symmetry directions, it was concluded that this 

compound exhibits a metallic behavior. These results agree with those of previous studies of this 

compound [83]. While the red dashed lines are obtained by including the SOI, the dashed black lines 

represent the electronic structure without the SOI. As shown in Figure 5., the SOI had almost no effect 

on the electronic band structure of the compound.  

 

 
Figure 4. Crystal structures of a)Ti3SiC2, b)Ti3C2(OH)2 compounds, and (c) high-symmetry points of the hexagonal structure 

 

 
 

Figure 5. Electronic structures of Ti3SiC2 with (red dashed lines) and without (solid black lines) spin-orbit interactions 
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However, the electronic structure of Ti3C2(OH)2 exhibits features different from those of its MAX phase, 

as shown in Figure 6. Splitting due to the SOI increases the electronic bands that cross the EF and 

enhances the free electrons near this energy level. The highest splitting between the energy bands due 

to SOI is about 0.3 eV at high-symmetry points. Therefore, it is crucial to include SOI when calculating 

the MXene phase of Ti3C2(OH)2. 

 
 

Figure 6. Electronic structures of Ti3C2(OH)2 with (red dashed lines) and without (solid black lines) spin-orbit interactions 

 

The high-symmetry points and Fermi surface (FS) sheets of the Ti3SiC2 compound are presented in 

Figure 7, and are consistent with previous results [83]. Because SOI is not effective for this compound, 

the FS sheets with SOI are not shown in Figure 7. Six electronic bands crossed the EF, forming six 

different FS. The first four FS had simple nesting around the Γ point. First, the FS enclosed the Γ-point 

in a spherical shape. The other three have a cylindrical shape, which also circles the Γ point. The fifth 

FS has more complex nesting than the first four FS. Although it rotates at the Γ point, it has a flower-

like shape. The last FS has an enclosed shape around the K high-symmetry point. All the FS had both 

hole and electron pocket characteristics. 

 

The FS sheets for Ti3C2(OH)2 differ from the MAX phase owing to the effectiveness of the SOI. When 

the SOI is not considered, only two electronic bands cross the EF and form two FS sheets, as shown in 

the left panel of Figure 8. The first one forms a flower-like nesting away from the zone center. The 

second has a similar shape away from the zone center, but also has two closed shapes around the Γ high-

symmetry point. 
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Figure 7. The Fermi Surface sheets for Ti3SiC2 compound 

 

The number of FS sheets increased when the SOI was included. The shape of the first FS does not 

change owing to the SOI, but the second one seems to be split into two different FS sheets that enhance 

the number of free electrons near the EF. Nesting along the Γ − H direction can increase the scattering 

of electrons, which can increase the electron-phonon interaction. While the first FS with SOI had mainly 

hole-pocket features, the second and third FS sheets had electron-pocket features within the hexagonal 

MXene Ti3C2(OH)2. 

 

 
 

Figure 8. Fermi Surface sheets for Ti3C2(OH)2. While the left column shows the sheets obtained without SOI, 

the middle and right columns correspond to the Fermi surface sheets obtained with SOI 

 

The total and partial densities of state (DOS) of Ti3SiC2 are shown in Figure 9. Because all atoms in the 

compound contribute to the DOS at the Fermi level (N(EF)), we can say that it exhibits a 3D-metallic 

electronic behavior. No gaps are observed in the valence bands of this compound. The N(EF) value 

mainly consists of Ti 3d orbitals contributing to C 2p and Si 3p hybridization. The N(EF) value for 

Ti3SiC2 was calculated as 10.7 States/eV. The Ti 3d shell contributes approximately %65 (6.95 

States/eV), the C 2p shell contributes around %17 (1.82 States/eV), and the Si 3p shell contributes to 

the N(EF) around %15 (1.61 States/eV) of the Ti3SiC2 compound. Although the d-orbital dominates the 

Fermi energy level, because the mass of the compound is relatively low, the SOI is not as effective as 
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that in a heavier mix. Hybridization occurred between the d- and p-orbitals in all energy regions. This 

hybridization is more distinctive in the valence region, suggesting solid bonding between Ti, C, and Si 

compounds. As the electronic structure implies, the SOI has a negligible effect on the electronic 

properties of this compound. Hence, only the DOS without the SOI is shown in Figure 9. The DOS and 

partial DOS features of Ti3C2(OH)2 with and without SOI are shown in Figure 9. It can be seen that the 

multilayer structure is slightly disturbed after mixing with dimethylsulfoxide (Fig. 9). 

 

 
 

Figure 9. The total and partial density of states in Ti3SiC2 orbitals 

 

In Figure 10 (a), the DOS features of this compound are calculated using the SOI. Between -8.5 eV and 

-4.2 eV, O 2p shell makes the largest contribution the DOS features of the valence band. After this 

energy level to -2.5 eV, both Ti 3d and C 2p orbitals contribute equally to the DOS value. Near EF, the 

Ti 3d shell dominated the electronic properties of Ti3C2(OH)2. A similar observation was made for the 

DOS properties calculated without an SOI, as shown in Figure 10 (b). The DOS features of Ti3C2(OH)2 

with and without SOI are shown in Figure 10. In Figure 10 (a), the DOS features of this compound were 

calculated using the SOI. Between -8.5 eV and -4.2 eV, the O 2p shell makes the most significant 

contribution to the DOS features of the valence band. After this energy level to -2.5 eV, the Ti 3d and 

C 2p orbitals contribute equally to the DOS value. Near EF, the Ti 3d shell dominated the electronic 

properties of the Ti3C2(OH)2 compound. A similar observation can be made for the DOS properties 

calculated without the SOI, as shown in Figure 10 (b). The main difference between these two graphs is 

the N(EF) values. The N(EF) value with SOI was calculated as 8.0 States/eV, whereas the corresponding 

value without SOI was obtained as 7.2 States/eV. This enhancement due to SOI can be explained by the 

gathering of split bands around EF. The contribution of the Ti 3d shell to N(EF) was approximately %74 

with the SOI and %76 without the SOI. The C and O 2p orbitals contributed equally to N(EF) in both 

calculations. We can say that even though the mass of the compound does not change significantly from 

the MAX phase to the MXene phase, because of the changing bonding features and contribution rates, 

SOI is much more effective in the MXene phase. 
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Figure 10. The density of states in Ti3C2(OH)2 compounds (a) with and (b) without SOI  

 

3. RESULTS AND DISCUSSION 
 

The MAX phase starting powder broke the titanium-silicon bonds. Strong bonds existed between 

titanium and carbide, whereas weak bonds existed between titanium and silicon. In the Ti3C2Tx layers 

formed, MXenes exhibited weak Van der Waals bonds. The particles formed after hydrofluoric acid 

exfoliation were then exfoliated. Exfoliation results in an accordion-like shape [42], [52], [67]. The 

powders were coated with 80% gold and 20% palladium prior to SEM using Quorum Q150R ES brand 

coating equipment and a Polaron Range SC7620 Mini Sputter Coater. The researchers used a JEOL 

JSM-6060LV scanning electron microscope (SEM). Figure 11 shows SEM images of the Ti3SiC2 MAX 

phase powder, which is referred to as the primary material. 
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Figure 11. SEM images of Ti3SiC2 MAX phase powder. 

 

The samples were coded based on their operation. Hydrofluoric acid (HF) and dimethyl sulfoxide 

(DMSO) were used for coding. The mixing time with the acids was indicated by the sample code 

numbers (8 and 32 h). If treated with hydrofluoric acid, it is referred to as HF. It is classified as HF-HF 

if it has previously been treated with hydrofluoric acid and chemically treated with hydrofluoric acid. It 

was labelled with DMSO after treatment with acids and then combined with dimethyl sulfoxide. The 

powders were aggregated and the forms were more spherical, as shown in the SEM image of the basic 

material. The structures in which the stacked layers were best observed were the samples treated with a 

high mixing time, as shown by the SEM morphologies of the MXene powders (Figure 12). 
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Figure 12. MXene structure (Ti3C2Tx) powders a) HF-8, b) HF-32, c) HF-HF-8, d) HF-HF-32, e) HF-HF-DMSO-2,  f) HF-

HF-DMSO-32, SEM pictures 

 

The powders acquired after 32 h of mixing were used to create SEM images, which clearly showed a 

layered structure (Figure 13). Field Emission Scanning Electron Microscopy (FE-SEM, FEI Quanta 

FEG 450) was used to characterize the materials. Figure 14 shows FE-SEM images of the MAX-phase 

Ti3SiC2 sample used as the starting powder [63].  
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Figure 13. SEM images of HF-32 sample in MXene structure (Ti3C2Tx) 

 

 

 
 

Figure 14. FE-SEM images of Ti3SiC2 MAX phase powder. 

 

Figure 15 shows FE-SEM EDX pictures of the MAX phase Ti3SiC2 sample. According to the EDX 

images, the Ti content is approximately 70%. A layered structure was not observed in the initial powder. 
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Figure 15. FE-SEM EDX images of Ti3SiC2 MAX phase powder 

 

Figure 16 shows the FE-SEM images of the samples prepared by mixing the MAX phase powder with 

hydrofluoric acid (HF) and then dimethyl sulfoxide (DMSO) for 8 and 32 h. The layered structures were 

formed after 32 h. At higher mixing speeds, the paper-like 2D structures, known as MXenes, became 

more dominant (Figure 17). Delamination is observed in the SEM and FE-SEM images as overlapping 

layers, which appear to have been sliced sharply with a metal blade [20]. The effect of the hydrofluoric 

acid mixing period was apparent in the HF-32 (Figure 16) [63] and HF-HF-32 (Figure 17) samples, 

where the layered structure was preserved, weak bonds were destroyed, and new layers were generated. 

The layered structures of HF-HF-DMSO-8 and HF-HF-DMSO-32 (Figure 16) with dimethyl sulfoxide 

were not entirely visible after mixing with hydrofluoric acid for 8 and 32 h, respectively.  
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Figure 16. Powders with MXene structure (Ti3C2Tx) a) HF-8, b) HF-32, c) HF-HF-8, d) HF-HF-32, e) HF-HF-DMSO-8, and 

f) HF-HF-DMSO-32, FE-SEM images 

 

 
 

Figure 17. FE-SEM images of HF-HF-32 sample 
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At four points selected from different locations in the SEM-EDX point analysis of the HF-HF-32 sample, 

there was a considerable drop in Si compared with the initial powder (Figure 18). Breaking Ti-Si bonds 

and eliminating Si from the environment are the main reasons for this. 

 

 
 

Figure 18. SEM EDX Spot Analysis of HF-HF-32 sample 

 

Changes in Ti, Si, and C are visible in the SEM-EDX line analysis of the HF-HF-32 sample (Figure 19). 

The rate of silicon difference between the layers varied significantly. A linear relationship is observed 

between titanium and carbon. The elimination of Si from the environment due to reactions at specific 

locations is one of the most prominent reasons for this.  

 

 
 

Figure 19. SEM EDX Line Analysis of HF-HF-32 sample 

 

XRD analyses were performed using a RIGAKU D/MAX/2200/PC equipment and a Cu-supplied X-ray 

tube (= 1.54056). The only MXene that has been successfully delaminated in substantial quantities is 

Ti3C2Tx [34]. XRD and EDS analyses confirmed the conversion of the MAX phase into MXene [8]. 

XRD studies of MAX-phase Ti3SiC2 powder revealed similar characteristics [73]. Figure 20 shows XRD 

images of the MAX-phase Ti3SiC2 sample used as the starting powder. The Ti3SiC2 peak at 39.779, was 

the highest (104). The d value of this peak is 2.2642 Å [63]. 
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In general, XRD can identify intercalation because the interlayer spacing changes as a result of 

intercalation, which increases the c-lattice parameter (c-LP) and shifts the corresponding peak at two 

coordinates to the left [42]. The weakening or removal of all X-ray diffraction (XRD) peaks from the 

preceding MAX phase indicates effective etching from a crystallographic standpoint [15]. As the mixing 

temperature and duration were increased, d decreased. The XRD model will only have (000l) peaks 

(showing material loss in non-basal directions) if the MAX phase is completely converted to MXene, 

and all other heights will weaken or disappear. The (000l) elevations were initially broad and then 

narrowed as the angle decreased, suggesting that the lattice parameter increased [8]. The (002) and (004) 

peaks were split into two when the etching time was increased [1]. Figure 21 shows an XRD comparison 

of the MAX phase starting powder with MXene-based powders. 

 

 
 

Figure 20. XRD Analysis of MAX phase Ti3SiC2 sample 

 

 

 
 

Figure 21. XRD analysis of MAX phase starting powder and other samples 

 

The first (002) peak of the MAX phase shifted downward for Ti3C2Tx generated by direct HF exfoliation 

[13]. The (002), (004), and (006) planes of MXene are assigned to Ti3C2Tx. The (002) peak was 

considerably displaced in the spectra of the modified Ti3C2Tx and MXene. The high-order (004) and 
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(006) peaks behaved similarly. The lattice parameters of the modified samples illustrate the expansion 

of the c-plane distance [84]. (002), (004), (006), (008), and (009) are the XRD patterns of MXenes (110). 

With the addition of DMSO to MXene and sonication, the (002) pattern was exfoliated [64]. The peaks 

of the Ti3SiC2 sample are displaced to the left by those of the hydrofluoric-acid-treated samples. Some 

of the peaks are smaller (Figure 22). The peaks at 39.8o, 41o, and 42.7° showed an apparent shift. 

Compared to the initial powder, the peaks appeared to shift to the left. 

 

 
 

Figure 22. XRD analysis of MAX phase starting powder and other samples 

 

After exfoliation, XRD analysis of the Ti3C2Tx sample revealed typical (0001) peaks, indicating that a 

layered structure was well formed. Dispersion and ultrasonication in ethanol and DMSO increased the 

intensity of the (002) peak [5]. Peaks (001), such as (002), (004), and (0010), on the other hand, 

expanded, lost intensity, and shifted to lower angles than their pre-processing positions [55]. MXene 

peaks are typically seen at 9o and 19° [1], [34], [78]. The XRD analysis of the HF-32 [63] and HF-HF-

32 samples revealed MXene production (Figure 23).  

  

 
 

Figure 23. XRD analysis of Starting Powder and other samples 
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4. CONCLUSIONS 

 

The production of MXene is affected by the long mixing period with hydrofluoric acid. The Si 

concentration in the powder decreased after being treated twice with hydrofluoric acid. It is clear that 

MXene conversion occurred at high mixing speeds, resulting in silicon loss. An increase in the mixing 

time resulted in the formation of multilayer structures. Stratified structures did not form after 8 h of 

mixing. The inclusion of spin-orbit interaction in the theoretical calculations shows that even though the 

mass of the compound does not change significantly from the MAX phase to the MXene phase, because 

of the change in bonding features and density of states contribution rates, SOI is significantly more 

effective in the MXene phase. The effect of mixing time was observed in obtaining MXene. The 

structure formed after 32 h of mixing was more stable and two dimensional. This structure provides a 

positive change in the electronic properties. This is in agreement with the theoretical calculations. New 

generations of MXene materials are expected to be pioneers in electronic studies. Future studies on 

MXene compounds will focus on understanding the impact of various surface terminations and 

intercalations on the electronic, magnetic, and catalytic properties of these materials. . Research will 

continue to enhance the photocatalytic performance of Ti3C2(OH)2 for applications such as hydrogen 

production, CO2 reduction, and pollutant degradation. This includes the development of novel Ti3C2-

based composites with materials like TiO2 to improve charge separation and photocatalytic efficiency. 
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