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Abstract: Due to their unique chemical structure, MXenes have been recognized as a potential
material, having a high surface area, high thermal and electrical conductivity, and a tunable band
gap, showing great hydrophilicity and stability. The adsorption and reducing properties of MXene-
based 2D nanomaterials make them efficient photocatalysts for degrading organic pollutants. Silver
nanoparticles were synthesized over the exfoliated MXene sheets (1:50 and 1:20 by weight to silver
salt) using polyvinyl pyrrolidone as a dispersant. The elemental composition and morphology
of the nanocatalysts Ag20@Ti3C2Tx and Ag50@Ti3C2Tx were analyzed by X-ray diffraction (XRD)
analysis, X-ray photoelectron spectroscopy (XPS), energy-dispersive X-ray (EDX) spectroscopy, and
field-emission scanning electron microscopy (FESEM). FESEM micrographs reveal porous exfoliated
Ti3C2Tx sheets obtained by continuously stirring Ti3AlC2 for 44 h at 60 ◦C, providing a platform for
the growth of Ag nanoparticles. Diffused reflectance spectroscopy (DRS) indicates that the bare silver
nanoparticles show a decrease in the band gap value from 2.4 to 1.35 and 1.41 eV in Ag50@Ti3C2Tx

and Ag20@Ti3C2Tx, respectively, which enables the nanocomposites to show excellent catalytic
performance and degrade around 99% of safranin dye within 15 min at a concentration of 5 mg
Ag50@Ti3C2Tx.

Keywords: 2D MXene; Safranin dye; nanocatalyst; band gap

1. Introduction

MXene (2D titanium carbide) is a promising candidate with many applications due
to its high conductivity, inherent structural stability, high hydrophilicity, high tribological
characteristics, excellent thermal conductivity, tunable band gap, and functionalization
characteristics [1–3]. MXene is expressed by the general formula Mn+1XnTx (n = 1 to 3),
where “M” is the respective transition metal, “X” can be the carbon atom or nitrogen
atom joined by hydrogen bonding or Van der Waals interactions, while Tx represents the
corresponding surface functionality, i.e., F−, O−, OH− [4–6]. The hydrophilic function-
alities provide active sites on the surface of sheets and enable the structure to interact
with the other functional groups. In contrast to other carbon-based materials (graphene,
carbon nanotube), MXene materials exhibit a high reduction capacity [7–9]. The unique
2D structure of MXene-coupled hybrid materials with robust redox ability and anisotropic
charge transfer performance make it high-potential material that is widely used as an
electrocatalytic sensor material and photocatalyst for the degradation of pollutants present
in the environment [10–13].
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Ti3C2-based MXene possesses terminal metals exposed to the other functionalities
and has high redox properties which helps in the degradation of hazardous environmental
organic pollutants. The photocatalytic application of Ti3C2Tx has been widely studied
due to its narrow tunable band gap ranges between 0.92 and 1.75 eV [14–16]. Density
functional theory (DFT) calculations reveal that Ti3C2 exhibits metallic conductivity with
a Fermi level value of −0.05 V. This is more positive than the conduction band of most
n-type semiconductors, indicating the potential of Ti3C2 as a co-catalyst for the transfer
and assembly of photogenerated electrons [17]. The absorption of visible light results in
the production of photogenerated electrons that are excited from the valence band (VB)
to the conduction band (CB), leaving holes in the valence band. The transfer of these
excited charge carriers coupled with the co-catalyst is accelerated by the presence of Ti3C2-
derived 2D carbon layers. Electrons transferred to MXenes are trapped in the sheets and
generate H2 by reducing H+ [18], CO, and CH4 by reducing CO2 [19], or NH3 by reducing
N2 [20]. On the other hand, the transfer of holes to MXenes results in the production of
OH• radicals, which could carry out organic degradation, while OH• radicals can also be
produced through electrons for organic degradation [4].

The rapid industrialization has resulted in excessive hazardous wastes, including
organic pollutants such as antioxidants, benzenes, tetracycline hydrochlorides, and sulfon-
amides [21], industrial dyes including cationic dyes (methylene blue, rhodamine B [22,23],
crystal violet, safranin, malachite green, neutral red), anionic dyes (Congo red, methyl
orange, and Eriochrome black T, acid red 1, acid blue 80 [6]), antibiotics (such as sulfa-
diazine SMZ, erythromycin, azithromycin, tetracycline [24], penicillin, chloramphenicol,
rifampicin, ciprofloxacin) and carbamazepine used in in the medical industry [25], bisphe-
nol A [26,27], and many pesticides used in agriculture. These toxic substances, especially the
persistent organic pollutants (POP) such as dioxin, oxole, chlordane, and dichlorodiphenyl-
trichloroethane, are a serious threat to the global environment affecting both terrestrial and
aquatic life [10]. These environmental effects lead to the significant need for organic pollu-
tion degradation strategies to treat wastewater to remove these hazardous substances [11].
Air, soil, wastewater, river water, etc., can be decontaminated by converting the toxic
organic compounds to environmentally friendly byproducts. The methods for eliminating
organic pollutants include electrochemical conversion/combustion, chemical oxidation,
biodegradation, etc. However, the abovementioned methods cannot remove low-level
harmful organic pollutants, which may result in secondary pollutants too. To remove these
harmful organic pollutants, a new type of advanced oxidation technology needs to be devel-
oped that is low-cost, high-efficiency, and environmentally friendly. Hence, photocatalytic
degradation technology is an efficient solution for the degradation of these harmful toxic
pollutants. Amid different kinds of photocatalysts, MXene, being a semiconductor material,
possesses a tunable bandgap and has gained practical applications in the photocatalytic
degradation of organic pollutants.

In comparison to other carbonaceous materials (like graphene and carbon nanotubes),
the large surface area, high hydrophilicity, and functionalized (OH−, F−) accordion-like
structure of MXene enable the sheets to reduce organic as well as inorganic pollutants and
convert them to less toxic forms [10,11]. Fluoride-based etching of Ti3AlC2 results in the
appearance of negative surface charges (F−, O−, and OH− functional groups). However,
a positive charge is more likely to appear on the metal atom due to incomplete bonding
at the outer edges. The appearance of charge on the surface of the MXene sheet is also
pH-dependent. At a low pH, the edges remain positively charged and are rarely affected
by protons, while the negative terminal functionality such as O− accepts a proton to form
hydroxyl ions and eventually maintain negative charges. In contrast, a high pH leads to the
neutralization of OH− by the positively charged Ti atoms. The self-reduction properties
of MXene facilitate the growth of silver (Ag) nanoparticles on exfoliated Ti3C2Tx sheets.
Moreover, Ti3C2-based MXene exhibits a negative charge with a zeta potential of −30 mV
at pH 7.0, which shows that these materials are susceptible to fabricating the metal ions on
its surface [28].
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Silver nanoparticles deposited on MXene show efficient photocatalytic and electrocat-
alytic activity due to the charge transfer mechanism [29]. However, the effect of MXene
concentration on the synthesis of silver nanoparticles on a large scale, on exfoliated MXene
sheets, with a tremendous decrease in the band gap was still unclear and worth exploring.
The band gap of silver nanoparticles by the addition of MXene sheets makes the composite
an efficient photocatalyst [13]. To investigate the reducing nature of MXene, two different
concentrations (i.e., 1:20 and 1:50 wt % MXene to AgNO3) were synthesized in the present
study. The nanocomposite with 1:20 wt % MXene shows excellent photocatalytic activity for
the degradation of safranin dye. This efficient strategy provides a basis for the fabrication
of nanoparticles used for photocatalysis.

2. Results and Discussion

XRD analysis of pristine Ti3AlC2 exhibits the diffraction peaks at 2θ of 9.50◦, 19.19◦,
34.08◦, 38.81◦, 41.79◦, 48.49◦, 52.32◦, 56.42◦, 60.29◦, 65.5◦, 70.3◦, and 73.8◦, indexed to
(002), (004), (101), (103), (104), (105), (107), (108), (109), (110), (201), and (202) planes
that correspond to the crystal structure of the Ti3AlC2 MAX phase matching with the
JCPDS card 98-010-5483 [15]. The XRD pattern of exfoliated Ti3AlC2 is given in Figure 1a,
showing characteristic peaks at 5.98◦, 9.11◦, 18.22◦, 27.65◦, 35.99◦, 41.89◦, and 60.63◦, which
correspond to (002), (004), (101), (103), (105), and (110) planes of Ti3C2Tx. During the etching
of aluminum metal, the peaks at 9.50◦ and 19.19◦ shifted the (002) and (004) planes slightly
to a lower 2θ with a decrease in the peak intensity owing to the loss of the crystalline nature
of the MAX phase. The strength of the peak at 9.50◦ 2θ did not change but decreased
significantly in intensity because of the appearance of F− and OH− groups, which were
further confirmed by XPS. However, the peak intensity of characteristic planes (103), (104),
and (105) decreased more prominently along with the broadened (002) plane [16]. The
characteristic peak at 38.81◦ decreased with the appearance of a peak at 27.65◦, depicting
the etching of Ti3AlC2 and conversion into the MXene phase. No representative peaks of
AlF3 were present at 25.3◦, 35.2◦, 43.5◦, 52.1◦, and 57.3◦ (JCPDS card no 750450) in Ti3C2Tx
which was further confirmed by EDX and XPS analyses [17].

In addition, three diffraction peaks appeared in the XRD pattern of Ag20@Ti3C2Tx
and Ag50@Ti3C2Tx at 38.21◦, 44.41◦, 64.63◦, and 77.43◦ 2θ, with planes (111), (200), (220),
and (311), respectively, as shown in Figure 1b. This represents the cubic, single silver
crystals [13]. The sharpness of the peaks depends upon the crystal structure of silver and
the amount embedded in the MXene substrate. Due to the presence of the high loading of
silver on the surface of MXene, the peak due to the (108) plane of MXene shows a relatively
small intensity.

The surface elemental valance composition of Ti3AlC2, Ti3C2Tx, and Ag50@Ti3C2Tx
were analyzed by XPS, as shown in Figure 2. The survey spectrum presents the presence
of the required elements in the form of Ag, Ti, O, and C, along with a small amount of
fluorine coming from the etchant. By comparing the full-range (200–1200 eV) XPS spectrum
of the pristine MAX phase, exfoliated MXene, and MXene-silver nanocomposites, the Ti 2p
region consists of three asymmetric doublets at 455.1, 458.5, and 464 eV that were attributed
to Ti (II) (2p1/2), Ti (III) (2p3/2), and Ti (III) (2p1/2), respectively (Figure 3a). These peaks
correspond to the MXene structure where C−Ti−C is the core layer, and the bonding of
C−Ti−X, (X = F, O, OH) corresponds to the bonding of Ti atoms to the C-atom and terminal
group [18,30]. The peak at 456.8 eV represents the Ti (II) to Ti (III) oxidation of titanium,
and Ti (IV) 2p3/2 peak (~457 eV) correspond to titanium oxide (TiO2) formation. However,
the peak appearing at 460.6 eV is labelled as TiF3, resulting from the etching process of HF.
The low-valent distinctive Ti species are responsible for the deposition of metallic silver on
the MXene surface [30,31].
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Figure 1. XRD analysis of (a) Ti3AlC2, Ti3C2Tx and (b) Ag20@Ti3C2Tx, Ag50@Ti3C2Tx.

The O 1s core levels showed peaks at 529.9 eV and 531.8 eV, representing the formation
of C−Ti−O bonds. However, the hydroxyl terminal groups on the surface of MXene
bonded to titanium atoms appeared at 531.8 eV. Finally, the hydrophilic nature of the
MXene structure appeared when water molecules were inserted into the layer structure of
the exfoliated structure using ultrasonication. The XPS survey spectrum of C 1s MXene-
silver nanoparticles showed the signal peaks of C=C at 284.8, C−C at 285.9, and C=O at
286.8 eV [19].

The Ag 3d spectra (Figure 3b) of Ag@Ti3C2Tx represent a double peak of Ag 3d5/2
at 365.9 eV and 3d3/2 centered at 371.9 eV, which shows the Ag reduction due to the
functional groups present on the MXene surface. The absence of higher-valence Ag atoms
could be confirmed by the apparent difference of ~6 eV in the binding energy of Ag 3d
doublets. All Ag(0) peaks appear in the XPS survey fit using software confirming the strong
reducing ability of Ti species. The mechanism of reduction of silver was similar to that of
the low-valance titanium species that are responsible for the reduction of silver ions into
their elemental form [11].

The surface morphology of the two-dimensional stacked layered structure of Ti3AlC2,
Ti3C2Tx, Ag20@ Ti3C2Tx, and Ag50@ Ti3C2Tx are shown in Figure 4. The ternary layered
structure of the MAX phase is shown in Figure 4a, while HF-etched MXene shows an
accordion-like structure. Removal of aluminum from the MAX phase generates pores on
the surface of the MXene sheet, which provides a platform to capture and reduce the metal
nanoparticles. Silver nanoparticles are uniformly grown on the MXene sheets’ surface,
represented in Figure 4c,d. The average particle size of silver nanoparticles ranged from 70
to 80 nm. The elemental mapping of the MAX phase reveals the presence of C (61.17%), O
(11.88%), Ti (17.54%), and Al (9.41%). After etching with HF for 40 h at 60 ◦C the percentage
of aluminum remained only 1%, while the percentage of other elements were C, 61.18%;
O, 16.07%; Ti, 13.04%; and F, 9.71%. The EDX spectrum in Figure 4e of Ag50@ Ti3C2Tx
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shows the presence of Ag, Ti, and C elements at their respective positions, verifying the
purity of samples. The elemental mapping in Figure S1 (Supporting Information) shows
the homogenous distribution of elements.

Catalysts 2024, 14, x FOR PEER REVIEW 5 of 16 
 

 

reducing ability of Ti species. The mechanism of reduction of silver was similar to that of 
the low-valance titanium species that are responsible for the reduction of silver ions into 
their elemental form [11]. 

 
Figure 2. XPS Survey of Ti3AlC2, Ti3C2Tx, Ag50@Ti3C2Tx. Figure 2. XPS Survey of Ti3AlC2, Ti3C2Tx, Ag50@Ti3C2Tx.



Catalysts 2024, 14, 201 6 of 15
Catalysts 2024, 14, x FOR PEER REVIEW 6 of 16 
 

 

 
Figure 3. XPS analysis of silver-doped MXene (a) Ti 2p (b) Ag 3d (c) O 1s (d) C 1s. 

The surface morphology of the two-dimensional stacked layered structure of Ti3AlC2, 
Ti3C2Tx, Ag20@ Ti3C2Tx, and Ag50@ Ti3C2Tx are shown in Figure 4. The ternary layered 
structure of the MAX phase is shown in Figure 4a, while HF-etched MXene shows an 
accordion-like structure. Removal of aluminum from the MAX phase generates pores on 
the surface of the MXene sheet, which provides a platform to capture and reduce the metal 
nanoparticles. Silver nanoparticles are uniformly grown on the MXene sheets’ surface, 
represented in Figure 4c,d. The average particle size of silver nanoparticles ranged from 
70 to 80 nm. The elemental mapping of the MAX phase reveals the presence of C (61.17%), 
O (11.88%), Ti (17.54%), and Al (9.41%). After etching with HF for 40 h at 60 °C the per-
centage of aluminum remained only 1%, while the percentage of other elements were C, 
61.18%; O, 16.07%; Ti, 13.04%; and F, 9.71%. The EDX spectrum in Figure 4e of Ag50@ 
Ti3C2Tx shows the presence of Ag, Ti, and C elements at their respective positions, verify-
ing the purity of samples. The elemental mapping in Figure S1 (Supporting Information) 
shows the homogenous distribution of elements. 

Figure 3. XPS analysis of silver-doped MXene (a) Ti 2p (b) Ag 3d (c) O 1s (d) C 1s.

The Brunauer–Emmett–Teller (BET) and Langmuir surface areas of the photocatalysts
Ag20@Ti3C2Tx and Ag50@Ti3C2Tx were found to be 174.6 and 206.7 m2g−1, respectively,
as shown in Figure S2 (Supporting Information). Due to the uniform distribution of the
silver nanoparticles on the surface of exfoliated MXene sheets, the surface area increased
as compared to MXene sheets, thereby increasing the interaction of the safranin dye with
the silver nanoparticles, which ultimately degraded the dye in 15 min for Ag50@Ti3C2Tx.
The optical properties of the MXene-based Ag-nanoparticles were investigated using DRS
from 1200 to 250 nm, as shown in Figure 5a. The band gap of exfoliated MXene and MXene
silver nanocomposites was calculated using a Tauc plot using the following equation:

αhv = A
(
hv − Eg

)
(1)

where A is a constant, α is the absorbance of light, ν is the frequency of irradiated light, h is
Planck’s constant, and Eg is the band gap energy. The plot between (αhν)2 along the y-axis
and the band gap energy on the x-axis gave the band gap of hybrid samples. Exfoliated
MXene showed a band gap value of 1.24 eV; however, the value shifted to 1.35 eV after a
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1:50 deposition of Ag nanoparticles, while 1:20 showed a band gap of 1.41 eV. Bare silver
nanoparticles have a band gap value of 2.4 eV. This decrease in the Ag nanoparticle band
gap is attributed to the incorporation of porous and stacked MXene sheets with embedded
Ag nanoparticles, resulting in the intermediate state in valence and conduction bands of
the MXene Ag nanocomposite along the interface, eventually causing a decrease in the
band gap [16].
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The catalytic degradation activities of MXene-reduced Ag nanoparticles were investi-
gated using safranin dye under dark and visible light conditions. In the absence of light,
no degradation of safranin takes place due to the absence of electrons and holes that are
generally produced in the presence of light. However, a decrease in the concentration of
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dye in the dark is attributed to the adsorption–desorption phenomenon that is also taken
into account. During exfoliation, negative charges are developed on the surface of Ti3C2Tx,
which acts as an active site for the receptor cationic dyes. Safranin is a water-soluble
cationic dye that exhibits a strong attraction with the exfoliated MXene sheets. The electron
transport mechanism in the silver-doped MXene nanocomposite plays an important role in
the degradation of safranin dye effectively.
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Visible-light-driven photocatalysis was carried out using 1, 2, and 5 mg catalyst quan-
tities for both Ag20@Ti3C2Tx and Ag50@Ti3C2Tx in the range of 200–700 nm, as given in
Figure 5b. The concentration of safranin dye was 30 ppm in all the degradation experiments.
The catalyst was added to the dye solution and stirred for 5 min for complete interaction
of dye molecules with the catalyst. Eventually, 5 mL of the suspension was centrifuged at
6000 rpm and the supernatant was analyzed under a UV–visible spectrophotometer. The
decrease in the intensity at 520 nm with a peak shift to 385 nm shows the degradation of
azo bonds present in the dye molecule.

The degradation efficiency of the dye is determined using the following equation:

Degradation(%) =
C0 − C

C0
× 100 (2)

where ‘C0’ is the initial concentration of dye, while ‘C’ is the concentration of safranin at
any time ‘t’.

The reduction in the absorbance of the dye due to its adsorption on the catalyst sur-
face in the solution is linked to the adsorption–desorption mechanism that leads to the
degradation as indicated by the UV–visible spectrum. Ag nanoparticles synthesized by
the addition of 50 mg MXene in Ag50@Ti3C2Tx reduces the band gap of Ag nanoparticles,
which led to the degradation of safranin dye earlier, as compared to Ag20@Ti3C2Tx. In-
creasing the concentration of the catalyst to 5 mg resulted in 99% degradation of the dye in
15 min, while 1 mg and 2 mg catalyst loading showed 90% and 93% degradation in 20 and
30 min, respectively, as shown in Figure 6a–c. A comparison of our study with the reported
nanocomposites used for the degradation of safranin dye is given in Table 1 [32–38]. Simi-
larly, a comparison of our study with the reported P25 commercial TiO2 catalyst used for
the degradation of safranin dye is given in Table 2 [39–42], where the prepared catalysts
have performed better than the commercial TiO2 catalyst under sunlight. To check the
stability of the photocatalysts after the degradation experiments, XRD measurements were
performed, and the results are shown in Figure S3 (Supporting Information). It was found
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that most of the peaks due to the catalyst remained highly intact, guaranteeing the high
stability of the photocatalysts.
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Table 1. Comparison of our study with the reported nanocomposites used for the degradation of
safranin dye.

Catalyst Pollutant Light Source Concentration Irradiation
Time (min)

Degradation
Efficiency (%) Ref.

Ag-ZnO Safranin T Sunlight 2 mg 60 74.11 [32]
Ag-decorated ZnO/rGO Safranin Philips white LED 14 mg 80 100 [33]

FGS/ZnO nanocomposite Safranin T Visible light 20 mg 90 94.5 [34]
Cu nanoparticles Safranin UV light 25–200 g 70 95–98 [35]

LaNiSbWO4-G-PANI Safranin O Visible light 100 mg 180 84 [36]
TiO2-Bi2O3-CuO/

natural zeolite Safranin O Sunlight 80 mg 270 94.1 normal water
80.23 wastewater [37]

Fe-ZnO Safranin T Sunlight 2 mg 60 99 [38]
(FGS)/ZnO nanocomposites Safranin Visible light 5 mg 90 94.5 [34]

Ag20@Ti3C2Tx
Ag50@Ti3C2Tx

Safranin Visible light 5 mg 35
15

99.6
90.1 This study

Table 2. Comparison of our study with the reported P25 commercial TiO2 catalyst used for degrada-
tion of safranin dye.

Catalyst Concentration Degradation Time,
Efficiency Light Source Reference

UV/Degussa, P25 TiO2 0.4 g/L 50 min, 72% UV laser [39]
Titanium-coated SiO2 NP,

P25 TiO2

89.8 mg/g
100 mg

12 min, 93.29%
20 min, ~50.75% UV light (15W bulb of Philips) [40]

TiO2 (P25) 1 g/L 25 min, 100% Simulated solar light (Xenon lamp) [41]
WO3 (by ppt method)

WO3 (by sol–gel)
Degussa P-25 TiO2

1–8 g/L 10 min, 94% 140 mJ laser source irradiation [42]

Ag20@Ti3C2Tx
Ag50@Ti3C2Tx

5 mg 15 min, 99.6%
35 min, 90.1% Sunlight This study

The photocatalytic performance of the nanocomposites was determined by the degra-
dation of safranin dye under sunlight and the recyclability tests were carried out for five
successive runs for both catalyst systems. The process was performed by the separation of
the photocatalyst after centrifugation at 6000 rpm, thereby washing with deionized water
several times. The results are displayed in Figure S4 (Supporting Information).

Proposed Photocatalytic Mechanism

The photodegradation of safranin dye is mainly governed by the redox reactions that
occur on the surface of silver nanoparticles embedded in MXene sheets in the presence
of electrons and holes (Figure 7). Photogenerated electrons and holes are produced due
to the interaction of visible light with the catalyst surface, which ultimately produces
radical ions. The resulting radicals •OH and •O2

− are produced where electrons reduce
adsorbed O2 molecules to form •O2

−, while holes oxidize water molecules into hydroxyl
radicals. Being the most reactive species, these radicals interact with the dye molecules and
convert them into less toxic byproducts [16]. The mechanism of safranin degradation is
illustrated in the Equations (3)–(8). Equation (3) shows the visible light charge generation
when light interacts with the silver-embedded MXene sheets. The layered structure of the
MXene sheets traps the electrons due to their high receptive behavior and enhances the
separation of charge carriers due to the large surface area of the catalyst (Equation (4)).
These electrons thereby react with the adsorbed oxygen, which ultimately converts the
oxides into their respective superoxide radicals, •O2

−; on the other hand, holes (bearing
the positive charge) react with water molecules to form hydroxyl radicals, as shown in
Equations (5) and (6) [16,43–45].

Ag50@Ti3C2Tx + hν→Ag50@Ti3C2Tx (e− + h+) (3)
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e− + Ti3C2Tx→e− (Ti3C2Tx trapped electrons) (4)

e− (Ti3C2Tx trapped electrons) + O2→O2
− (5)

h+ + H2O→OH + H+ (6)
•OH + safranin→less toxic degradation products (7)
•O2

− + safranin→less toxic degradation products (8)
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3. Experimental Details
3.1. Materials

Titanium aluminum carbide, (Ti3AlC2, 312 MAX phase, ≥90%, particle size ≤ 40 µm)
was provided by Sigma-Aldrich Silver nitrate (AgNO3, ≥99%) and hydrofluoric acid (HF,
48%) were purchased from Sigma-Aldrich. Polyvinyl pyrrolidone from Sigma-Aldrich was
used as a dispersant. Safranin dye (C20H19N4

+•Cl−, 99%) was provided by Merck Chemicals.

3.2. Synthesis of MXene

Ti3C2Tx exfoliation was carried out by adding 50 mL hydrofluoric acid (48%) in a
polytetrafluoroethylene conical flask with the gradual addition of 1 g Ti3AlC2 and the
solution was continuously stirred at 60 ◦C for 45 h. The resultant suspension of exfoliated
Ti3C2Tx sheets was centrifuged and washed with ethanol and water at 6000 rpm for 10 min
until the liquid achieved a pH of ≥7. To peel off the delaminated sheets, the suspension
was again dissolved in water, sonicated for 2 h, and separated through vacuum filtration.
After the ultrasonic treatment, the solution was centrifuged at 5000 rpm for 10 min. The
resultant product obtained was vacuum dried at 60 ◦C for 4 h.

3.3. Synthesis of MXene-Reduced Silver Nanoparticles

MXene-reduced silver nanoparticles were synthesized by sonicating 20 mg and 50 mg
of hydrofluoric-acid-etched MXene in 50 mL of water separately for 30 min. After uniform
dispersion, 30 mL of 0.2 M AgNO3 in 0.2 M polyvinyl pyrrolidone was added dropwise in
the above two different MXene concentrations and stirred at 60 ◦C for 1 h. The suspension
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was centrifuged at 6000 rpm and washed several times with deionized water using a
vacuum filtration assembly equipped with 0.25-micron PTFE filter paper so that the pH
of the solution became neutral (pH = 7). Finally, the powder was dried under vacuum at
50–60 ◦C for 24 h and labelled as Ag20@Ti3C2Tx (1:20 MXene to AgNO3) and Ag50@Ti3C2Tx
(1:50 MXene to Ag NO3). Figure 8 represents the schematic diagram of the procedure.
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3.4. The Catalytic Activity of Ag@Ti3C2Tx Nanocomposite for Dye Degradation

The catalytic performance of Ag20@Ti3C2Tx and Ag50@Ti3C2Tx nanocomposites were
studied using safranin dye in visible light. To investigate the degradation efficiency of the
catalyst, 50 mL of freshly prepared safranin solution with an initial concentration (C0) of
30 mg/L was used. The catalyst concentration was varied from 1 to 5 mg/L to study the
impact of catalyst loading on safranin degradation. At first, the catalyst was stirred with
the standard safranin solution to equilibrate the safranin solution on the surface of the
nanocatalyst through the adsorption–desorption mechanism of safranin molecules at room
temperature. Later, the suspension was irradiated with visible light for a specific interval of
time. The degradation rate of the dye was studied using a UV–visible spectrophotometer
in the range of 200–800 nm using a quartz cuvette. To test recyclability, the nanocomposite
was separated by centrifuging the sample at 6000 rpm and the resultant supernatant was
washed with deionized water several times.

3.5. Characterizations

The X-ray diffraction (XRD) pattern of samples was determined using a Bruker Ad-
vance D8 X-ray diffractometer, Germany, which was operated at 40 kV with a current
of 40 mA and Cu Kα (λ = 1.54059 °A) radiation source. A TESCAN MIRA (USA) field-
emission scanning electron microscope (FESEM) equipped with an energy-dispersive X-ray
(EDX) analyzer operated at 15 kV was used to examine the 2D structure and morphology
of the samples. X-ray photoelectron spectroscopy (XPS) measurements were performed
using a Scienta Omicron (Germany) equipped with a microfocused monochromatic Al Kα

(1486.7 eV) X-ray source with a spot size of 700 µm and an Argus analyzer. The source
was operated at 15 keV with constant analyzer energy (CAE) of 100 eV for survey scans
and 20 eV for high-resolution scans. The analysis of optical properties of the silver (Ag)
deposited on MXene was obtained by UV–Vis DRS, Lambda 950 (USA). Catalytic efficiency
was carried out by an Agilent Cary 60 UV–visible spectrophotometer (USA).
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4. Conclusions

MXene-doped Ag nanocomposites (1:20 and 1:50 wt %) were synthesized by the self-
reduced property of exfoliated MXene sheets using 1:20 and 1:50 wt % MXene to silver
nanoparticles. The incorporation of exfoliated Ti3C2Tx not only reduced silver salts but
also decreased the band gap of silver nanoparticles from 2.5 to 1.35 eV and 1.41 eV. The
decrease in band gap value is attributed to the porosity introduced by the removal of
aluminum during HF etching and trapping the charged silver nanoparticles among the
MXene sheets. FESEM images confirm the generation of porosity in the MXene sheets.
Conducting surfaces of the MXene sheet also enable a reduction in the band gap value,
which is clear from the Tauc plot. The XPS results showed that the nanohybrid materials
are formed instead of simple chemical interactions. The efficiency of safranin degradation
is enhanced by the addition of 5 mg of Ag50@Ti3C2Tx (1:20 wt % MXene to silver salt)
which degrades in 15 min. However, using 1 mg of the same catalyst, it takes 30 min to
degrade 88% of the dye. Similarly, using Ag20@Ti3C2Tx (1:50 wt % MXene to silver salt),
~90% of the dye degrades in 65 min. Hence, Ag50@Ti3C2Tx shows efficient photocatalytic
properties and degrades the cationic dye within 15 min using 5 mg of the catalyst, which is
cost-effective and can be used for environmental remediation.

Supplementary Materials: Supplementary data to this article can be found online at https://www.
mdpi.com/article/10.3390/catal14030201/s1, Figure S1: Elemental mapping of showing the ho-
mogenous distribution of Ag, Ti and C elements. Figure S2: BET surface area of Ag20@Ti3C2Tx and
Ag50@Ti3C2Tx. Figure S3: XRD pattern of Ag20@Ti3C2Tx and Ag50@Ti3C2Tx photocatalysts to check
their stability after degradation experiments. Figure S4: (a) Reusability of Ag50@Ti3C2Tx catalyst
having 5 mg concentration (b) Reusability of Ag20@Ti3C2Tx catalyst having 5 mg concentration.
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