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ARTICLE INFO ABSTRACT

Article history: The analysis of the proposed work, specifically the development of the MXene
Received 12 July 2023 photocatalyst, will be described in this chapter. The results of the analysis are useful for
Received in revised form 1 August 2023 comparing the pristine precursor and etched structures of the MXene photocatalyst. A
Accepted 4 March 2024 minimally intensive layer delamination (MILD) method will be used to create the MXene

Available online 25 June 2024 photocatalyst which uses lower fluorine content solution (HCI-LiF) creating a safer and

easier method. The synthesis parameters for the development of highly efficient MXene
photocatalysts, such as LiF:TisAlC; mass ratio will be optimized. FTIR, XRD, SAP, FESEM
and DR UV-Vis analysis will be used to characterize the as-developed MXene
photocatalyst and its precursor, TisAIC,. The hypothesis of this study is etching
treatment will increase the hydrophilicity and active functional group such as oxygen
(0), fluorine (F) and hydroxyl (-OH) on MXene surfaces. The performance of
photocatalytic degradation will be tested with an initial dye concentration of 30 ppm,
solution pH at pH7 at room temperature (+27°C). Each photocatalytic degradation study
was performed in 50 ml of methylene blue solution with 0.1 g photocatalyst. All

Keywords: developed MXenes will undergo photocatalytic degradation performance to identify
MXene; photocatalytic degradation; the optimized synthesizing conditions. The highest MXene photodegradation
methylene blue performance was found to reach 90% removal within 180 min.

1. Introduction

The growth in industrial and agricultural activities in recent years has assigned major
responsibility for the continuous discharge of toxic organic contaminants into water bodies without
treatment. As a result of the toxic chemicals and gases emitted by industrial and agricultural
activities, this growth has been shown to contribute to the rise in water pollution over the century
[1]. According to the Natural Resources Defense Council (NRDC), industrial wastewater pollution
affects about 1 billion people worldwide each year, with low-income populations being
disproportionately affected because their residences are often closer to polluting companies.
Furthermore, excessive pollutants such as heavy metals, dyes, and antibiotics were dumped into the
water body without sufficient wastewater treatment [2,3].
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Photocatalysis has been shown to be a cheap, easy, efficient, and rapid treatment procedure for
complete dye removal using suitable photocatalysts and a light source [4,5]. In addition, due to the
mild conditions and environmentally friendly characteristics, photocatalytic technology has been
diffusely investigated by combining the solar energy with photocatalysts in environmental
remediation and energy field, such as the degradation of pollutants in water or air, hydrogen (H)
production, carbon dioxide (CO;) reduction and nitrogen (N>) fixation [6]. Besides, photocatalysis can
generate many reactive species that can effectively destroy and degrade organic contaminants [7].
Principally, photocatalysis steps take account of transferring the liquid phase reactants to the catalyst
surface, adsorbing the reactants to the catalyst surface, reacting in the absorbing phase, desorbing
the final product, and finally removing the final product in the liquid phase.

MXene has captivated researchers’ interest as a promising environmental photocatalyst,
particularly for treating wastewater containing dyes [1]. Mxene materials have gotten a lot of
attention because of their wide range of unique structure characteristics, high specific surface area
and outstanding physicochemical properties [8]. The MXene compound has a higher reflectivity in
the ultraviolet (UV) light correspond to the visible light absorptions with a reported wavelength range
of 300 to 500 nm, which is important for photocatalytic reactions with energy gaps of 0.25 to 2.0 eV
[9]. MXene also has a hydrophilic character, which is combined with hydrophicity and an active
functional group on its surface, which extracts the adsorptive nature to deal with ionic/molecular
species for environmental remediation [10].

According to that, a preliminary synthesis of MXene photocatalyst development were evaluated
in this chapter before using it as co-catalyst in heterojunction composite for an optimal manner. The
etching procedure resulted in the improvement of hydrophilic compounds due to the
functionalization of MXene. However, depending on the precursor mass, etching concentrations, and
circumstances, the approaches may reduce photodegradation performance [11]. These also affect
the presence of functional groups on MXene surface. Therefore, this present research objectives are
to compare the pristine and composite structures of MXene photocatalyst and evaluate their
photocatalytic degradation. A minimally intensive layer delamination (MILD) method was chosen
which uses lower fluorine content solution (HCI-LiF) creates a safer and easier method.

2. Methodology
2.1 Synthesizing the MXene Photocatalyst

The MXene photocatalyst was developed using the minimally intensive layer delamination (MILD)
method [11]. In a typical procedure, 3.2 g LiF was gradually added to 10 ml of 9 M HCl and stirred
continuously for 5 minutes. Then, 2.0 g of TizAIC; powder was gradually added, and the etching
process was allowed to run for 24 hours at room temperature. The as synthesized resultants were
determined as MXene-1.6 which meant the mass ratio of LiF:TizAlIC,. The typical method etching
process was repeated for MXene-1.0 and MXene-2.0. The MXene powder was then separated and
cleaned with deionized water using a centrifuge process at 3500 rpm for 5 minutes per cycle. The
washing procedure continued until the pH of the supernatant was about neutral. The MXene powder
particles were then rewashed with 500 ml deionized water by vacuum assisted filtering before being
dried at 120°C for 24 hours.

2.2 Characterization of MXene Photocatalyst

The surface functional groups for MXene photocatalysts were characterized using FTIR
spectroscopy (Perkin Elmer Spectrum One, FTIR-Frontier, U.S.A) using KBr pellet method. Their FTIR
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spectroscopy results were scanned and recorded in the range of 400 to 4000 cm™. A Powder X-ray
Diffractometer was used to analyse the materials using X-ray Diffraction Analysis (XRD) (PANalytical,
X’'pert Powder, Netherland) in the 26 angle ranging from 10° to 80° incremented by 0.02° step size.
Field Emission Scanning Electron Microscope (FESEM) (Carl Zeiss, Supra 55 VP Scanning Electron
Microscope, U.S.A) was used to examine the structures and surface morphologies of MXene. Based
on the nitrogen adsorption-desorption method, the specific surface area, pore volume, and pore size
distribution of surface area analyzer and Porosity analysis (SAP) (Micromeritics Tristar Il, Surface Area
and Porosity, U.S.A) were obtained. The absorption spectrum was estimated using a DRS UV-Vis, UV
3150 NIR (Shimadzu, Japan) spectrophotometer constructed with an integrated sphere.

2.3 Photocatalytic Degradation Analysis

In a photoreactor with a magnetic stirrer, studies on photocatalytic degradation were conducted.
An aluminium foil cover will be placed over a 100 mL beaker to prevent radiation leakage. The
suspension was positioned 15 cm distant from the beaker to increase visible light irradiation. At pH
7 and 30°C, testing for the photocatalytic degradation of synthetic Methylene Blue (MB) will be
conducted. MXene powder (100 mg) was mixed in 50 mL of 30 ppm MB aqueous solution. The
suspension was stirred in the dark for 30 minutes to ensure an equilibrium adsorption-desorption
state [12]. Following that, cooling fans were used to keep the solution temperature stable, and a 500
W Halogen lamp was used to provide continuous stirring (150 rpm). A sample of 0.1 ml from the
solution will be taken using a micropipette every 30 minutes, and it will be examined using a UV-Vis
spectrophotometer (UV-1800, Shimadzu).

2.4 Methylene Blue Degradation Analysis

Powdered MB was dissolved in deionized water to create synthetic wastewater. The precise peak
of MB's absorption at 664 nm was chosen as the typical peak for concentrations. The following
equation will be used to estimate the MB degrading efficiency (%):

MB degradation ef ficiency = % x 100 (1)
0

where C, and C; (mg/L) represents to initial and at certain time concentrations of MB, respectively.

3. Results
3.1 Characterization of MXene Photocatalyst

As shown in Figure 1, FTIR spectroscopy was utilised to further examine the functional group
compositions of TizAlC;, MXene-1.0, MXene-1.6, and MXene-2.0. The surface chemistry bands
displayed by the FTIR spectra of O-H stretching and bending at 3431 and 1628 cm, respectively
showed higher transmittance changed for MXenes compared to TisAIC; [13]. This indicates that
higher oxygen terminated functional groups were introduced due to the etching process. Since the
fluoride salts were used in the etching process, the enhancement of peak intensity of C-F band at
1400 cm™ was noticed [14]. Presence of new functional group was identified at 571 cm™ attributed
to Ti-O bond vibration, originates from the surface adsorption of -OH [15]. Methylene blue
preferentially degrades when an oxygen-containing surface group is present, which is a desired
attractive site for cationic dyes [16].
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Fig. 1. FTIR Spectra

TizAIC;, MXene-1.0, MXene-1.6, and MXene-2.0's phase composition was examined using XRD
analysis. As shown in Figure 2, all exhibited almost the same XRD patterns, except for some new
peaks located at 20 = 13.1°, 45.2° and 65.5° which denoted as TizC, [17]. This proved the
transformation of TisAlC; to TizC; causing by LiF etching. The TisC,OH's distinctive peaks were seen at
20 = 19.3°, 48.6°, 56.6°, 60.3° and 71.8° which also confirmed the successful fabrication of MXene.
However, the intensity peaks of TizAlC; were remained and reduced after treatment due to the
incomplete etching using LiF/HCl agents [11]. Table 1 shows the compound composition to assess
the score percentage of each phase. After the optimization of synthesizing conditions process

MXene-1.6 has the highest TisC, compound score, 69% compared to MXene-1.0 and MXene 2.0.

Table 1
Compound composition score by XRD
Photocatalyst Percentage (%)

TizAIC, TisC, TisC,0H
TizAIC, 100 NA NA
MXene-1.0 62 31 7
MXene-1.6 26 69 5
MXene-2.0 31 64 5
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The DR-UV-Vis characteristics of the TizAIC;, MXene-1.0, MXene-1.6, and MXene-2.0 samples
were shown in Figure 3(a). It is strongly supported that the titanium carbide photocatalyst was a
visible-light-driven photocatalyst based on the band gap absorption edge of the samples' resilient
absorption capacity in the visible light regime [17]. The band gap energy for the titanium carbide
photocatalyst is depicted in Figure 3(b) by extrapolating from the curve of (ahv)2 versus (hv). TisAIC,,
MXene-1.0, MXene-1.6, and MXene-2.0 had computed band gaps of 1.37, 1.25, 1.23, and 1.27 eV,

respectively. The measured band gap energy agreed with previous findings with band gap energies
ranging from 0.25 to 2.0 eV [18].
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Fig. 3. (a) Absorbance Spectra, (b) Tauc Plot

It is anticipated that photogenerated holes and photoexcited electrons will be easier to move and
migrate due to the narrow band gap energy's reduced photon energy need, which is in line with the
capacity to absorb visible light. The efficiency of photocatalytic degradation will rise as a result.
Additionally, in the heterostructure concept, highly conductive MXenes with known low bandgap
energies would make it easier to collect electrons produced by other semiconductors [19]. The
migration of generated electrons was favourable to increase separation efficiency of charge carriers
and inhibit the electron-hole recombination.

The morphological structures of TisAlC; and MXene-1.6 are presented in Figure 4(a), Figure 4(c)
and Figure 4(b), Figure 4(d), respectively. The FESEM images showed that the MXene-1.6 yielded
stacked carbon layer with opening lamellas and pores compare to MAX phase, TisAIC; appeared as
large block morphology. The basic basis for the production of the layered structure, where structural
holes can be clearly seen, is the chemical exfoliation of the A group element, Al, during the etching
operation [20]. As shown in Table 2, the elemental composition of Al element was plunged from
14.92 wt% in TisAIC; to 0.33 wt% in MXene-1.6. This data proved that Al layers were exfoliated, and
layer distances expanded. Therefore, TizC,Tx owing higher surface area which increases the exposed
surface functional groups thus expected to improve the photodegradation activity. Furthermore,
O element was also increased after etching treatment from 9.78 wt% in TizAIC; to 13.01 wt% in
MXene-1.6.

Both TizAIC; and MXene-1.6 shows type IV isotherm showing H3 type hysteresis loop in Figure 5
which indicated parallel plate shaped pores [21]. As shown in the image, MXene-1.6 has more volume
adsorbed at the isotherm 'knee' than TizAIC,, indicating that its surface area has increased. This could
be explained by the increasing of layer spacing during etching treatment where Al was removed.
Table 2 lists the texture metrics, including the Brunauer Emmet Teller (BET) surface area, total pore
volume, and average pore diameter. The result confirmed that the MXene-1.6 had higher surface
area 3.11 m?/g compared to the precursor TisAlC;, 1.68 m?/g. The results obtained agreed with
previous work carried out by Qu et al., [15] which reported 2.17 m?/g surface area after HF-forming
etchants treatment.

188



Journal of Advanced Research in Applied Sciences and Engineering Technology

Volume 47, Issue 2 (2025) 183-192

ﬁg. 4. FESEM microraphs of (a, ) Ti3IC2 (b) MXene-1.6 at 5.00 K and 30.0 K

el

magnification, respectively

10 -
= (b)
o
»
o *
§
3 *
2 (a)
& 4-
©
<
(]
E 24
=3
©
>

0 4

0.0 02 04 06 08 10
Relative Pressure (p/p°)

Fig. 5. N2 adsorption-desorption isotherm of (a) TisAIC;
and (b) MXene-1.6

Table 2

SAP analysis of the TisAlC; and MXene-1.6

Photocatalyst Surface Area Pore Volume Pore size (nm)
(m?/g) (cm*/g)

TizAIC, 1.68 0.01 18.50

MXene-1.6 3.11 0.01 17.10
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3.1 Photocatalytic Degradation Performance

In a batch setup using MB solutions, the effectiveness of TizAlC;, MXene-1.0, MXene-1.6, and
MXene-2.0 was assessed. The results shown in Figure 6 that a massive difference between the
samples in terms of the amount of time needed to get the dye down to a safe level. The MXene-1.6
shows the highest adsorption rate with 90% of MB being removed within 180 minutes. Meanwhile,
MXene-1.0 and MXene-2.0 only managed to removed MB ~45% and ~60%, respectively within the
same timeframe. This outcome was agreed with the elemental composition by EDX spot where
MXene-1.6 give the higher oxygen terminated functional groups were introduced due to the etching
process. MXene 1.6 also has a hydrophilic nature that is combined with hydrophilicity and active
functional groups like oxygen (-0), fluorine (F), and hydroxyl (-OH) on its surface, which extracts the
adsorptive nature to deal with ionic/molecular species for environmental resolution [21].
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Fig. 6. Decolorization of MB (30 ppm)

4. Conclusions

In this work, MXene-1.6 showed the best LiF:TizAIC; mass ratio to synthesize MXene
photocatalyst. It offers an adequate number of significant functional groups to connect to the surface
of MXene during the etching process. The XRD data revealed that the transformation of TizAlIC; to
TisC, causing by LiF etching was successful and MXene-1.6 has the highest TizC, compound score,
69% compared to MXene-1.0 and MXene 2.0. The greater BET surface area of MXene 1.6 (3.11 m?/g)
compared to the precursor TisAIC; (1.68 m?/g) was further validated by a FESEM micrograph. The
adsorption analysis indicates that MXene-1.6 has the maximum degradation rate, removing 90% of
MB in about 180 minutes. Therefore, a minimally intensive layer delamination (MILD) method
successfully created the MXene photocatalyst using lower fluorine content solution (HCI-LiF) with 1.6
of LiF:TisAIC; mass ratio.
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