ournal of

%
3
S
Q —

omposites Science

Article

In Situ Synthesis, Characterization and Photocatalytic Efficacy of
Silver-Enhanced MXene and Graphene Nanocomposites

Kishore Chand 1*(2, M. Mustafa Azeem 22, Muhammad Nazim Lakhan 3, Mukhtiar Ahmed 2,
Muhammad Jehanzaib Aslam 5 and Ahmer Hussain Shah °

check for
updates

Citation: Chand, K.; Azeem, M.M.;
Lakhan, M.N.; Ahmed, M.; Aslam,
M.J.; Shah, A.H. In Situ Synthesis,
Characterization and Photocatalytic
Efficacy of Silver-Enhanced MXene
and Graphene Nanocomposites. J.
Compos. Sci. 2024, 8,243. https://
doi.org/10.3390/jcs8070243

Academic Editor: Sambandam
Anandan

Received: 10 May 2024
Revised: 17 June 2024
Accepted: 19 June 2024
Published: 26 June 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Laboratory of In-Fiber Integrated Optics, College of Physics and Optoelectronic Engineering,

Harbin Engineering University, Harbin 150001, China

Department of Nuclear Engineering & Radiation Science, Missouri University of Science and Technology,
Rolla, MO 65409, USA; mustafa@mst.edu

Applied Chemistry and Environmental Science, School of Science, STEM College, RMIT University,
Melbourne, VIC 3000, Australia; s3954608@student.rmit.edu.aurmit

State Key Laboratory of Multiphase Complex Systems, Institute of Process Engineering, Chinese Academy of
Sciences, University of Chinese Academy of Sciences, Beijing 100190, China;
ahmedmukhtiar461@mails.ucas.ac.cn

5 Department of Physics, Florida Agriculture and Mechanical University, Tallahassee, FL 32309, USA;
muhammad]l.aslam@famu.edu

Department of Textile Engineering & Design, Balochistan University of Information Technology,
Engineering and Management Sciences, Quetta 87300, Pakistan; ahmer.shah@buitms.edu.pk
Correspondence: kishor.vallasai@hrbeu.edu.cn or kishor.vallasai@gmail.com

Abstract: The emergence of 2D materials has significantly expanded the wide range of nanomaterials
with diverse applications. Notably, their high conductivity, catalytic efficiency, and hydrophobicity
have fueled heightened research interests for water treatment applications. This research aimed to
investigate the synthesis and characterization of MXene and reduced graphene oxide (rGO) nanocom-
posites with silver nanoparticles (Ag) for enhanced catalytic activity in the decomposition of Direct
Blue-24 dye. In this study, we employed well-established methods, previously documented in the
literature, to prepare two distinct nanocomposites. Novel nanocomposites, namely reduced graphene
oxide-silver nanoparticles (rGO-Ag) and MXene-silver nanoparticles (MXene-Ag), were synthesized
using the hydrothermal and direct reduction method with an ammoniacal solution (aqueous solution).
Comprehensive characterization using advanced tools revealed that the introduced Ag particles
integrated seamlessly onto the parent nanofilms of the Carbon derivatives, forming a secondary phase
with enhanced catalytic functionality. These nanocomposites demonstrated significant improvements
in the catalytic decomposition reactions in simulated wastewater. Verification involved the reduction
reaction of Direct Blue-24 dye at known nanocomposite concentrations. The results indicated that
MXene-Ag exhibited a superior catalytic activity of 98% in 10 min compared to the rGO-Ag nanocom-
posite films, which achieved 96% in 35 min. The results indicated that MXene—-Ag nanocomposites
exhibited a 20-25% increase in catalytic efficiency compared to the rtGO-Ag nanocomposites. The
outcomes of this research hold promise for practical applications in textile wastewater management
and various industrial sectors dealing with mutagenic and carcinogenic chemicals containing azo
and/or phthalocyanine products.

Keywords: MXene; MXene-silver nanocomposite; reduced Graphene oxide-silver nanocomposite;
photocatalytic decomposition; Direct Blue-24 dye

1. Introduction

In this modern era, researchers are focusing on the discovery of advanced materials
like Graphene, Graphene oxide, MXene, metal nanoparticles (NPs) and their composites,
which have unique properties and advanced applications including electrical, catalytic,
optical and antibacterial, etc. [1-4]. Many researchers are focusing on metal NPs worldwide
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in different fields of material science, chemistry, physics, and nanotechnology as well as in
biological sciences [5,6]. Metal NPs are widely used in a variety of applications; among all
the metals, silver nanoparticles (AgNPs) show superior catalytic and antibacterial proper-
ties [5,7]. AgNPs exhibit the advantages of good heat resistance, sterilization durability,
and broad-spectrum antimicrobial resistance as sterilizing reagents [8]. Metal NPs can
be prepared using various methods like biological, physical, and chemical methods. The
functionalization of NPs is more important. Functionalizing NPs with suitable materials
can improve the catalytic and biocompatibility properties of NPs, among these, in situ is a
chemical method of the preparation of composite materials such as AgNPs with Graphene
and MXene, which is widely used as well as being a low-cost method [9,10].

Graphene is a most promising nanomaterial since its discovery in 2004 [11], due to
its unique catalytic, electrical and optical performance properties along with its physi-
cal properties including mechanical strength and large specific surface area [12]. It is a
cheap, renewable and easily obtained nanomaterial when compared to other materials [13].
Graphene is a 2D honeycomb structure material with an Sp2-bonded single layer of carbon
atoms arranged in a hexagonal pattern [14], also known as the mother of all graphitic car-
bon materials due to its building block. Graphene is a carbon material that has a different
dimension like 0D, 1D, and 3D fullerenes, carbon nanotubes and graphite, respectively.
While Graphene normally refers to the single layer of Sp?-bonded carbon atoms, there are
bi and few-layered Graphene as well [15]. Graphene shows outstanding properties such as
electrical, thermal, and optical conductivity, high specific surface area, excellent mechanical
properties, excellent charge transport mobility, high density, high electrocatalytic activity,
desirable biocompatibility and low cost, etc. [15-19].

A Graphene oxide (GO) material can be synthesized using various techniques like
mechanical exfoliation, chemical vapor deposition, electrical arc discharge techniques
and epitaxial growth, and chemical vapor deposition (CVD) [20-22]. Among all these
techniques, the hydrothermal process is highly efficient because of its ease [23-25]. GO as a
single-layered insulating material can exhibit more properties by reducing it to rGO using
different methods. Different chemicals like hydroquinone [26], hydrazine derivative [27],
sodium borohydride [28], and hydrogen iodide [29,30] were widely used for the reduction
of GO but sodium bisulfate along with silver nitrate solution is an efficient method for
composite material manufacturing [31-33].

Another 2D material, MXene, was discovered in 2011. MXene can be synthesized
simply by etching MXene into the hydrogen fluoride solution. It contains a large number
of active groups like a fluorine ion, an oxygen group and a hydroxyl group on the surface
with electronic force [34-36]. MXene is also very popular because of its unique mechanical,
electrical, and optical properties. It is an advanced material with the same structure of
Graphene and has a wide range of applications in the field of catalysts, energy storage,
sensors, adsorption, hydrogen storage, and biological applications, etc. [37,38]. It has also
been one of the most popular materials in the field of functional materials in recent years.
MXene, is basically a MAX phase etching material, and has ternary-layered nitride or
carbide materials with properties of both ceramics and metals [39,40]. It has a formula
of Mn41)AXn,, where M, A, and X represent the transition metal element, group IIIA or
IVA elements, nitrogen and carbon elements, respectively, and n can be one, two or three.
A hexagonal crystal structure, MAX has M, a packed layer, X atoms are filled in the M
and the M layer is dispersed into the A layer between them, i.e.,, M-A and M-X are the
covalent/metal/ion bond and the covalent bond, respectively. As a layered material,
MXene can be achieved by simply etching away the Al layer using MAX [39,41-45].

Silver nanoparticles (AgNPs) properties depend on the stability of the NPs and also on
their shape and size. However, unfunctionalized AgNPs can easily be agglomerated and
are not stable. Functionalizing AgNPs with suitable materials can improve the catalytic and
biocompatibility properties of AgNPs [46,47]. In recent years, special attention has been
paid to AgNPs, rGO and MXene through different kinds of synthesis methods to produce
various types of rtGO-Ag and MXene-Ag composites for a wide range of applications in the
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fields of catalytic, biomedical and energy sectors [39,48,49]. However, various MX-Ag and
rGO-Ag nano composites effectively prevented aggregation and maintained the stability of
NPs in water. Additionally previous synthesis methods for MXene-Ag and rGO-Ag nano
composites were time-consuming, complex, or involved toxic chemicals or surfactants.

According to the previous literature, GO/rGO and MXene with different metal
nanocomposites already presented excellent properties. Stability and hydrophilic prop-
erties can be achieved using different composite materials and catalytic efficiency can
be increased. In nanocatalyst studies, stability is the major issue that can be prevented
by fictionalizations of NPs [50]. Alternatively, Ag-rGO, MXene-Ag, and MXene-Fe,O3
synthesized using different methods showed excellent properties as a nanocatalyst, and for
energy storage, antibacterial and other applications. It is also possible that the properties
of rtGO and MXene can be enhanced by the combination of different materials [51]. The
dying industries use dyes that need sufficient treatment of water after their use; for that,
it is also very important to purify wastewater with a suitable treatment [52]. Most of the
dyes are mutagenic, carcinogenic as well as very harmful to living organisms such as
animals and plants, etc. Direct Blue (DB)-24 is of a common class that is widely used in the
dyeing industry.

This study presents the synthesis of reduced Graphene oxide-silver nanoparticles
(rGO-Ag) and modified MXene-silver nanoparticle (MXene-Ag) nanocomposites uni-
formly anchored on the surface of MXene and rGO substrates to promote the improvement
of catalytic activity. The synthesized products were characterized using advanced tech-
niques like XRD, TEM, AFM, and XPS. All the results showed that the approach was
suitable for preparing rGO, MXene, rGO-AgNPs, and MXene—-AgNPs-based nanocompos-
ites. Furthermore, rGO, MXene, rGO-AgNPs, and MXene-AgNPs were used for catalytic
application for DB-24 dye. These well-prepared composites showed excellent performance
for the dye decomposition of DB-24 as a model dye. This work on composites of rtGO-Ag
and MXene-Ag demonstrated a new direction for the research of MXene and rGO and
nanocomposite catalysts for DB-24 dye. To the best of our knowledge, there are few re-
ports on the use of rGO, MXene, rGO-AgNPs, and MXene-AgNPs nanocomposites for
the decomposition of DB-24. Additionally, we presented a comparative study between
rGO-AgNPs and MXene-AgNPs for catalytic activity against the decomposition of DB-24
dye. The selection of MXene and graphene-based nanocomposites with silver nanoparticles
for catalytic applications is motivated by their exceptional properties such as high conduc-
tivity, catalytic efficiency, and hydrophobicity, making them promising candidates for water
treatment applications. The novelty of this study lies in the synthesis and characterization
of MXene-Ag and rGO-Ag nanocomposites, demonstrating their superior catalytic activity
in degrading Direct Blue-24 dye under solar light irradiation, with MXene-Ag showing a
25% increase in catalytic efficiency compared to rGO-Ag.

2. Materials and Methods
2.1. Materials Selection

All chemicals, as mentioned in Table 1, were obtained from the most reputable com-
pany in China (Aladdin reagent Co., Ltd, Shanghai, China) and were used as received.

2.2. Preparation of Ammoniacal Solutions

Ammoniacal solution was prepared according to the literature [9]. In detail, 1.5 mL
silver nitrate solutions were taken into the beaker, then after 2-3 drops of ammonia were
added to this a black precipitation was formed and disappeared by addition of more am-
monium hydroxide. After that, 5 mL of 3%-NaOH was added, again the same precipitation
was formed, and disappeared by adding ammonia dropwise until the color of solution
became opalescent, and some amount of distilled water was added to make it up to 50 mL
volume. The solution was filtered and kept for further use.
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Table 1. Materials used in the experimental procedure.

S.No Materials Purity (%)
1. Graphite powder 99.95% and 4000 mesh size
2. Silver nitrate (AgNO3) 99.9%

3. Titanium 98%

4. Carbon 99%

5. Aluminum 98%

6. Sulfuric acid (H,SOy) Concentrated

7. Sodium boro hydride (NaBHy) 97%

8. Hydrochloric acid (HCI) Concentrated

9. Sodium hydroxide (NaOH) 99%

10. Potassium permanganate (KMnOy) 97%
Ammonium hydroxide-28% o

11. (NH,OH) 25-28%

12. Sodium nitrate (NaNO3) 99.8%

13. Sodium bisulfate (NaHSOy) 98.5-100%

14. Hydrogen peroxide (H,O,) 30%

15. Direct Blue dye (C34H»NgNasO1454) >98%

2.3. Synthesis of GO

GO was prepared using modified Hummers method from pure graphite powder [31].
In general, 70 mL sulfuric acid (H»SO4concentrated 0.995 to 1.005 N) and 0.5 g of NaNOs3
were mixed and stirred for several mins; after that, 1 g graphite powder was added slowly
and gradually for 1 h and kept stirring till that total graphite powder is mixed with solution.
Potassium permanganate (KMnO,) was then added dropwise with continuous stirring
till the solution turned completely green. After that, the solution was transferred to water
bath at 35 °C and left for stirring for 2 h and again beaker was transferred to ice bath and
100 mL water was poured into the solution dropwise. After this stage, the solution was
transferred to water bath at 85 °C for stirring for 30 min. Finally, 17 mL of H,O, and 83 mL
of distilled water were poured into the solution and left stirring for 20 min. The color of
the solution changed from dark green to yellow and 27 mL of HCl and 73 mL of distilled
water were mixed into this solution for washing the residual. Then, the supernatant was
decanted away, and the washed GO was dried into the ice bath and dried GO sheets were
collected after 3 days.

2.4. Synthesis of rGO-Ag Nanocomposite

Reduced graphene oxide and silver nano composite were prepared using hydrother-
mal method [9]. Firstly, the solution of 40 mM [Ag (NH3),]OH (silver ammonia) was
prepared by titration of AgNO; solution with 1 wt.% NH4OH solution in the dark. GO
dispersion (3 mg/mL, 80 mL) was stirred for 5 h and then mixed with NaHSO3 solution
(0.41 mmol L1, 10 mL) using sonication for 5 min. Thereafter, 1 mL of [Ag (NH3),] OH)
solution was added into the GO suspension dropwise under sonication for 15 min. The
resulting suspension was transferred into 100 mL Teflon-lined autoclave and the mixture
was heated for 8 h at 180 °C for the synthesis of rGO-Ag. After that, obtained rGO-Ag was
washed and dried in ice bath and used for further characterization and catalytic application.

2.5. MAX (Ti3AIC,) and MXene Preparation

MXene (TizAlC,) was prepared according to the literature [39]. The obtained MAX
phase was applied for the MXene preparation using selective etching of group A from
the phase of MAX into the hydrogen fluoride (HF-40%) followed in the literature [41] at
room temperature for 10 h. After this treatment, the solution was centrifuged and obtained
solution was washed with distilled water till the pH level of solution reached 6 as the
MXene sediments should be washed otherwise impurities or residual MXene will affect the
properties of MXene. The as-obtained material was dried and used for further processing.
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2.6. MXene—Ag Nanocomposite Preparation

MX-Ag nanocomposites were prepared according to the literature [39,48,49]. In
detail, 100 mg MXene powder was dispersed into 80 mL of distilled water and left for
ultra-sonication for 5 h to obtain uniform suspension. Thereafter, the solution of 15 mL
ammoniacal solution[Ag(NH3),]JOH was injected dropwise into the MXene suspension
with continuous stirring. After that, obtained solution of MXene—-Ag was centrifuged and
washed with ethyl alcohol and dried in ice bath and used for further characterization and
for catalytic application.

2.7. Characterization

The crystalline nature of nanoparticles was determined using XRD Rigaku TTR at
40 KV and 150 mA in range 20 area between 20 and 800° with intensity of Cu-Ka (A)
radiation around 0.15406 nm. Particle size was determined using Scherrer Equation (1).

Y
~ Bcost

1)

where k indicates shape factor with a constant value of 0.9, A is the wavelength (radian),
B is the FWHM (radian), 6 is diffraction angle and T is average NPs.

High-resolution TEM (HRTEM), Transmission electron microscopy (TEM), and Eds
mapping were used to quantify morphology and size of particles. TEM; FEI Technai G2
instrument (FEI, Hillsboro, OR, USA) was used to find out the elemental composition of
AgNPs. Software Nano Measure (version 1.2) was used for obtaining the particle size
distribution histogram. UV-Vis (Model: Perkin Elmer Lamda 35, Hamburg, Germany)
was used to study catalytic decomposition process and determine the optical absorption
of dye solutions using nanocatalyst keeping range of 200-800 nm. Furthermore, the
surface morphology of the green synthesized AgNPs was recorded using AFM a Keysight
equipment Model 5500 (Keysight Technologies, Chandler, AZ, USA). XPS (VG Scientific Co.
Ltd, London, UK, ESCALAB MKII with an Mg Ko (1253.6 eV) achromatic X-ray source)
experiments were performed using the surface analysis system to analyze the elemental
composition and binding energies.

The zeta potential and size distribution of nanoparticles (0.05 mg/mL) and dynamic
light scattering (DLS) analysis were performed with a Zeta sizer Nano (DLS, Malvern
Instruments, Worcestershire, UK). The overall synthesis and preparation mechanism is
shown in Scheme 1.

2.8. Catalytic Experimental Method

The catalytic experiments on the decomposition of different dyes were performed in
accordance with the previous studies [53,54]. These experiments were conducted outdoors
during the daytime (summer) between 12 noon and 2 p.m., on bright and sunny days in
Harbin, China (latitude: 45.8038 N, longitude: 126.5350 E). To enhance the intensity of solar
light, a convex lens was used to focus it on the reaction mixture.

For the photocatalytic degradation experiment, a Pyrex glass beaker containing a
Direct Blue-24 dye sample (0.03 mM) and an appropriate amount of catalyst was placed in
a 1000 mL Pyrex glass reservoir outside the laboratory building. The photoreactor, under
magnetic stirring, maintained a homogeneous suspension during irradiation, promoting
adsorption on the nanocatalyst surface and sunlight absorption. The degraded solution
was analyzed at various time intervals after centrifugation at 10,000 rpm for 10 min.

The catalytic efficiency of rGO, rGO-Ag, MXene, and MXene-Ag was examined for
the degradation of Direct Blue-24 dye. Changes in the color were observed visually and
monitored by UV-Vis spectrophotometry at definite time intervals. Complete degradation
of the dye was achieved within a short time for all synthesized products.
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Scheme 1. Preparation mechanism of nanocomposites and their application in dye decomposition:
(a) represents the preparation process of GO, rGO, and rGO-Ag; (b) represents the exfoliation of the
MAX phase and the synthesis of MX-Ag nanocomposites; and (c) represents the characterization of
the prepared nanocomposites and their application in dye decomposition.

3. Result and Discussion

The structure and phase of GO rGO, rGO-Ag, MXene, and MXene—-Ag nano compos-
ites were characterized using XRD. This confirmed the presence of AgNPs, as shown in
Figure 1a. The peaks obtained at approximately 26 = 8.91°,10.9°, 24.4°, 38.2°, 44.3°, 64.5°,
and 77.6° attributed to the (00 1), (0 0 2) crystalline planes of GO, rGO, MXene, rGO-Ag and
MXene-Ag. GO exhibited a major peak at the diffraction angle of 10.9° that is attributed to
the (0 0 1) reflection plane. After the reduction of GO, the (0 0 1) reflection plane completely
vanished, and a new broad diffraction peak appeared at 24.4° that corresponds to the (0 0 2)
reflection plane. This shows an increase in the graphitic nature of rGO due to the decreased
interlayer spacing, which is also in good correlation with the literature [55]. (002), (111),
(200), (220), and (3 1 1) were the crystalline planes of rGO-Ag, whereas (0 0 2) was the
crystalline plane of MXene and (002), (111), (200), (220), and (3 1 1) were the crystalline
planes of MX-Ag nanocomposites, respectively, and the obtained d value of the crystalline
plane of the Ag nanocomposite on the (1 1 1) plane was 0.245 nm [10,39]. The crystalline
planes of MXene—-Ag and rGO-Ag were not measured accurately owing to the decoration
of AgNPs that prevented the stacking of the rGO layers [9]. Furthermore, particle size was
calculated using the Scherer Equation (1), as mentioned in Table 1 for the MXene-Ag, rGO,
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Figure 1. (a) XRD pattern of GO, MXene, rGO, rGO-Ag and MXene-Ag nanocomposites, (b) XPS
pattern of rGO, rGO-Ag, MXene and MX-Ag nanocomposites.

The morphology and chemical characteristics of rGO, rGO-Ag, MXene, and MXene—
Ag were measured using TEM. TEM is the most versatile and advanced tool for the
measurement of shape, size, chemical constituents, and the exfoliation of the layer-by-layer
stacking structure of nano sheets and nano materials. Figures 2 and 3 show the TEM pattern
of MXene and MXene-Ag, respectively.

Figure 2a,b shows the different translucent layers of MXene at different magnifications:
(a) 500 nm and (b) 1 micrometer. From the Figures, it can be clearly observed that 2D MXene
translucent layers were successfully obtained. From these observations, it can be concluded
that MXene was prepared from the MAX phase through the selective etching process.

Figure 2. TEM images MXene: (a) 500 nm, (b) 1 micrometer.

Figure 3a—h show the MXene—-Ag nanocomposite: reflected, well dispersed, mainly
distributed, and homogenous dispersion with smaller sizes of AgNPs (dark spots) observ-
able on the layers of MXene. The crystallinity of the AgNPs was further investigated by
selected-area electron diffraction (SAED). Figure 3 (a-inset graph) shows the typical SAED
pattern of the synthesized AgNPs on the MXene nanosheets, which exhibits multiple crystal
diffraction features. Two visible diffraction rings can be clearly observed and indexed as
face-centered cubic (FCC) metallic silver. The strongest pattern (inner ring) shows the
characteristic diffraction rings corresponding to the (111) plane. The outermost ring is
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likely attributed to the (311) reflection and confirmed that the AgNPs are in a crystalline
nature [39]. The average size of the nanoparticles was 9.62 nm, calculated using nano-
measure software (version 1.2), as shown in Figure 6f, which is correlated to AFM as well as
the XRD results. Figure 3b-h shows the EDS mapping of each element, and it can be clearly
seen that MXene and Ag’s nanocomposite was well prepared using the direct reducing
method and the elements C, Ag, Fe, O, N, and Ti are present in the nanocomposite.

Figure 3. TEM image (a), EDS mappings (b-h) depicting the distribution of elements within the
MXene-Ag nanocomposite. The elements C, O, F, Ti, and Ag are discernible in the mappings
(b) illustrating the presence of C (c), focusing on Ag (d), (e) depicting Ti, (f) revealing O, and
(g) displaying F.

Figure 4a,b show the TEM patterns of the rGO translucent layers on different scales:
(a) 200 nm and (b) 500 nm. From the images, it was observed that translucent sheets
within the wrinkles and folds of the 2D-reduced Graphene interfere with the oxidation and
reduction processes that were successfully achieved using the hydrothermal process.

—J AR | IR AR 'S
Figure 4. TEM pattern (a) 200 nm (b) 500 nm of synthesized rGO.

Figure 5a—h shows the TEM pattern, SAED pattern, EDS mapping, and HRTEM of
the rGO-Ag composite. Figure 5a presents the mono-dispersed layer of rGO with poly-
dispersed decorated Ag spherical nanoparticles attributed to the rGO-Ag nano composite.
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It was also confirmed by the appearance of dark patches and spots on the sheet of rGO,
which are stabilized /immobilized AgNPs on the rGO layers. The AgNPs are small with an
average size of 16.14 nm, as shown in the histogram (Figure 6e), with uniform as well as
dense distribution through the rGO layers. The HRTEM (Figure 5h) showed lattice fringes
clearly visible with d1110.245 nm, corresponding to the (111) plane [56], which correlated
with the XRD pattern. Figure 5b—g show the elemental mapping of the rGO-Ag composite,
confirming that elements like C, O, N, and Ag are present in the rGO-Ag composite.
Figure 5 (a-inset diagram) shows the typical SAED pattern of synthesized AgNPs on rGO
nanosheets, which exhibits poly crystal diffraction features. Different visible diffraction
rings can be clearly observed and indexed as face-centered cubic (FCC) metallic silver,
indicating that the AgNPs are in a crystalline nature [57].

L 1200nm

Figure 5. TEM pattern and SAED (inset diagram) (a), along with EDS mapping (b-g) are provided to
illustrate the distribution of elements within the synthesized rtGO-Ag nanocomposite. The elements
C, N, O, and Ag are discernible in the mappings, with (b) showing C, N, O, and Ag, (c) illustrating C,
(d) highlighting Ag, (e) displaying N, (f) revealing O, and (g) depicting nanoparticles on the graphene
layer. Additionally, (h) presents an image of a single crystal of the synthesized rGO-Ag.

According to the characterization of the results obtained from the TEM, it can be
observed that MXene and rGO were successfully formed. The obtained results of MXene—
Ag and the rGO-Ag nanocomposites showed that the AgNPs had a smaller size and
spherical shape with uniform distribution and were successfully formed over the MXene
and rGO surface using a [Ag(NHj3);] solution, except with AgNOj3 alone, as well when
using the selective etching and hydrothermal methods. This method also reduced the
time for synthesis and also promoted the good dispersion of the NPs. AgNPs can also be
prepared with suitable morphology [9,39].

AFM was also performed for the confirmation of the size and shape of the AgNPs
composite with rGO and MXene. Figure 6a,c shows the AFM results of the AgNPs (rGO-Ag
and MXene—-Ag). From these results, it was clearly indicated that the Ag ions were reduced
to Ag and AgNPs were successfully obtained in both cases. The surface morphology
confirmed that the AgNPs are in a spherical shape and without any aggregation and
cracks. The line profile analysis showed the averaged particle size to be 040 nm (rGO-Ag)
and 0-30 nm (MXene—-Ag), as shown in Figure 6b—d and mentioned in Table 2. The data
obtained from the AFM analysis correlated well with the XRD and TEM results.
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Figure 6. AFM image and line profile of rtGO-Ag (a,b), MX-Ag (c¢,d) and histogram of particle size
obtained from TEM (e) rGO-Ag and (f) MX-Ag.

Table 2. Size analysis of synthesized rGO-Ag and MXene-Ag using XRD, AFM, and TEM.

XRD AFM TEM
Nanocomposite
FWHM (Deg) 20 (Deg) Size (nm) Size (nm)
MX-Ag 0.73214 38.1 114 0-30 6.43
rGO-Ag 0.516441 38.2 16.2 040 16.14

3.1. Catalytic Activity
3.1.1. Catalytic Mechanism

Photocatalytic activity relies on the interaction between light energy (photons) or
wavelength and the catalyst/nanocatalyst. The decomposition of dyes is significantly
influenced by NaBHy and the light source. The literature emphasizes the important role of
sunlight in this process. Solar irradiation, or sunlight, impacts electrons within nanoparti-
cles (NPs)/composites, leading to energy absorption and subsequent emission from the
valence shell. These highly energetic electrons are instrumental in generating hydroxyl
radicals, crucial for degrading dye particles. By utilizing nano catalysts and NaBHy, the
nanoparticle acts as an electron relay from the BH, (donor) to the dye (acceptor). BH,
ions, known for their nucleophilic nature, interact with the electrophilic dye, transferring
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electrons to the NPs. NaBH, serves as an electron donor and hydrogen provider, while
NPs act as electron transfer mediators. Upon adding NPs, reactants (dyes and NaBHy) are
simultaneously adsorbed onto the NPs’ surface electrostatically. The BH, ion facilitates the
transfer of electrons and hydrogen to the azo dyes, resulting in the reductive decomposition
of the dyes. The spherical shape of the NPs, along with their high surface-to-volume
ratio, provides numerous catalytic sites, reducing the activation energy and facilitating
the catalyzed reductive decomposition of dyes [47-53]. Additionally, semiconducting
materials function as catalysts, acting as sensitizers for the irradiation of light-induced
redox processes. This is attributed to their electron structure, characterized by a vacant
conduction band and a filled valence band [58-60].

When a semiconductor is exposed to light-containing photons, and the energy of the
incident light matches or exceeds the band gap energy of the semiconductor, electrons in
the valence band become energized and transition to the conduction band. This process
leaves behind holes in the valence band. These holes can react with donor molecules
and water, producing hydroxyl radicals with potent oxidizing capabilities, contributing
to pollutant decomposition. Simultaneously, electrons in the conduction band react with
dissolved oxygen species, forming superoxide ions, and initiating redox reactions. These
electrons and holes can engage in successive oxidation and reduction reactions with any
species absorbed on the semiconductor surface, yielding the required end product. The
reaction is shown in Figure 7.

It was shown that reaction progress was being made since the NPs were used as a
catalytic agent along with NaBHy. Below is a description of what the possible mechanism
of the NPs might be.

1. The absorption of photons from solar radiation by the nanoparticles.

sunlight

hy + NPs/NCs
Solar

hi +e” 2)
2. Hydrooyle radicals are released as a result of the reaction.

hf OH™ — OH h} + H,O+OH™ (3)

3. Asaresult of successful attachment by OH radicals to dye molecules, dye decomposi-
tion occurs.

dye + OH™ — Productofdegradtion + H,O 4)

Conduction Band

»“7‘4
f Adsorption (07)
%, R
v, <4 i}
’@ M Reduction (03)
%, i )
%, » < ; 4
Yol B 5 Oxidized and degraded
s H =
£ = RIS g Pollutants
{ 2wz BT E
4 <73 =
\ 3 3|z g \g) Oxidation (H* + OH™)
4 &

Adsorption of Pollutants

e
©© 0/0 © © .

Adsorption (H;0)
Valence Band

Figure 7. Mechanism of photocatalytic decomposition of dye under solar light, Figure is reproduced
with permission from Ref. [61]. 2020, RSC Advances.
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3.1.2. Decomposition of Direct Blue-24

All synthesized products (15 mg mL~!) were used for the catalytic decomposition
experiments. A DB peak was observed at 319 and 602 nm without NPs and NaBHy
(0.05 mM) [62]. A control experiment was conducted without a catalyst and with NaBH,.
A very slow reaction was observed between the components, which may account for the
equilibrium state between dye molecules on adsorbent surfaces and the slow decomposition
of the DB-24 solution.

The catalytic decomposition was observed using different catalysts till the color changed
from blue to colorless. Figure 8a—e shows the UV-Vis spectra of the DB-24 dye at different
time intervals during the reaction. There is no doubt that higher color removal was achieved
with five minutes of treatment, as the oppositely charged surface was maximized. However,
after five minutes, both the absorbance intensity and the rGO-Ag absorbance intensities
began to decrease. This may be attributed to the maximum amount of sorption sites being
covered by the surface of rGO and rGO-Ag, respectively. For rGO and rGO-Ag, the com-
plete maximum decomposition occurred in 50 and 35 min, respectively, with a very low
diffusion rate of dye molecules, which may be explained by the available reactive groups on
rGO and rGO-Ag. The dye concentration of DB-24 was kept constant in each of the cases.

= Omin
1.64 N 354 = rGO
(a) —— Smins 602 (c) e rGO-Ag .
1.44— 10mins 3.0
|~ 16mins :
~ 1.24=20mins d
3 = 25mins .
8 1.04—30mins ]
8 —— 35mins 2 20
s 0.8 4——40mins * 1.54
8 —— 45mins < -
2 0.6+ nggnms £ 1.0
< 04 0.5+
0.2
0.0
0.0
300 350 400 450 500 550 600 650 700 750
Wavelength(nm) Time(min.)
1_8_—0mln
b [~ Smins 602 d 1.0
1.44— 10mins
|~ 15mins
~ 1.24—20mins 0.8
3
) .
3 g 0.6
£ 08+ S
o O 0.4
S 0.6
@D
< 04 0.2
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0.2+ 0.0{—*—rGO
0.0 |——rGO-Ag
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Figure 8. An analysis of the UV-Vis spectral decomposition of DB-24 in the presence of rGO (a),
rGO-Ag (b), linear correlation of In (A,/A;) with time (c), concentration decreases with respect to
time (d) and decomposition % (e) of DB-24.
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Figure 9a,b UV-Vis spectra were monitored while MXene and MXene-Ag nanocat-
alysts were observed in sunlight. As a result, complete decomposition was achieved for
the MX nanocatalyst and the MXene-Ag nanocatalyst in 16 and 10 min, respectively. A
pseudo-first-order reaction kinetic was computed followed by the computation of the
rate constant and the R? value using the e%uation: In (A,/A¢) = kt. The decomposition
efficiencies were calculated using, D% = %A’ x 100, at time t = 0, A, represents the
initial concentration of the DB-24 solution, and A represents the concentration at time (t).
A summary of all the values is shown in Figure 9¢,d and in Table 3. Table 3 includes data
related to the conversion rates of the nanocatalyst, specifically comparing the catalytic
activity of MXene and MXene-Ag with the rGO and rGO-Ag nanocatalysts. MXene and
MXene-Ag achieved a higher conversion rate than the rGO and rGO-Ag nanocatalysts. As
a result of more catalytic activity of metals than carbon material, the attachment of silver
played a vital role in increasing the rate of reaction in both cases. Figure 9c shows the
decrease in dye concentration and the degradation % is shown in Figure 9e.
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(a) 1.64—2mins (c) 44 e MXene-Ag .
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1.4 4——6mins
=3 |——8mins 3
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c —— 16mins¥ = 21
& 0.8 <
2 319 "
S 0.6 £
2 .
< 0.4+
0.2
04
e 300 350 400 450 500 550 600 650 700 750 0o 2 4 6 8 10 12 14 A¢
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Wavelength(nm) Time(min.)
1.8
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Figure 9. UV-Vis spectral decomposition of DB-24 via catalyst presence MX (a), and MX-Ag (b),
linear correlation of In (A,/A¢) with time (c), concentration reduction (d), decomposition % (e)
of DB-24.

It was observed that MX-Ag has a greater effect on the decomposition process com-
pared to rGO-Ag. However, maximum decomposition (97-98%) was achieved within 10
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to 16 min for the MX and MX-Ag nanocomposites, respectively, as shown in Table 3. The
increased performance of MX over rGO can be attributed to the more hydrophilic nature of
MX, due to surface terminations of -O, -F, and -OH, and the presence of transition metal
carbide/nitride, compared to the hydrophobic characteristics of rGO. MXene is excep-
tional and is often integrated with other substances in functional composites to enhance
its catalytic function in a variety of reactions. With improved thermal stability, electrical
conductivity, and electrochemical activity, along with enhanced specific surface structure,
MXene can be effectively used in photocatalysis and energy regeneration reactions. In-
tegrating MXene into composite materials further enhances its catalytic performance by
improving the specific surface structures and maximizing active sites, particularly in pho-
tocatalysis and energy regeneration reactions. A thorough discussion of MXene's role in
catalytic enhancement should be considered for its unique properties and synergistic inter-
actions with other components in composite materials, which provides a comprehensive
understanding of its catalytic mechanisms and applications [39,63-66].

Table 3. The % RE, rate constants (k) and R? values of the linear fit of kinetic plots for the decomposi-
tion of DB-24 in addition to the time for achieving the complete decomposition.

.. . .. . Rate
Name of Dye Sampleﬁs1 Decompf)s1tlon/.Reduct10n Decoml?o.mtlon/:{eductlon Constant R2
(mg mL—1) Time (min.) Efficiency (%DE) .1
(k, min—1)
rGO 0-50 94 1.0597 x 102 0.924
DB-24 rGO-Ag 0-35 96 2.037 x 1072 0.903
MX 0-16 97 2.149 x 102 0.961
MX-Ag 0-10 98 3.456 x 1072 0.924

Additionally, the oxidation of MXene during the preparation of the composites and
the photocatalysis process significantly influences their catalytic properties. During the
preparation of the composites, oxidation leads to the formation of functional groups on the
surface, thereby enhancing its interaction with other materials and improving the stability
of the composite. The presence of oxygen-containing functional groups, such as -O, -F, and
-OH, on the surface of MXene enhances its hydrophilic nature compared to hydrophobic
materials like rGO, resulting in increased catalytic performance [67,68].

In the photocatalysis process, oxidized MXene acts as an efficient catalyst for de-
grading organic pollutants. The oxygen-containing groups facilitate the generation of
reactive oxygen species, such as hydroxyl radicals, essential for pollutant degradation. This
oxidation enhances light absorption and charge separation efficiency, leading to more effec-
tive pollutant degradation [68,69]. The synergistic interactions between MXene and other
components in composite materials play a vital role in enhancing catalytic mechanisms
and applications. Therefore, improving the specific surface structures and maximizing
the active sites, MXene-based composites exhibit enhanced efficiency in various catalytic
applications, particularly in photocatalysis and energy regeneration reactions [69,70].

As shown in Table 4 below, we compared the reduction of different dyes using rGO-
Ag and MX-Ag catalysts with those reported in the literature. It can be observed that
rGO-Ag and MX-Ag carried out the reduction reaction in the shortest possible time. Addi-
tionally, DB-24 dye is rarely used by researchers. Table 4 provides a comparison of various
catalysts in the decomposition of different dyes, showcasing the diverse applications and
effectiveness of nanocatalysts in tailored catalytic solutions based on specific dye types
and reaction conditions. Our study observed that MXene and reduced graphene oxide
(rGO) nanocomposites with silver nanoparticles (Ag) exhibited enhanced catalytic activity
in degrading Direct Blue-24 dye in a minimal period of time compared to previous studies.
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Table 4. Comparison of various catalysts in the decomposition of different kinds of dyes.
S.No. Materials Methods Name of Dyes Time Ref.
1 BGFSO/MXene nanohybrids Co-precipitation Congo red 120 min [71]
2 AgNPs Green synthesis M.O 24 h [72]
o Tetracycline .
3 MXene/Cu,O Precipitation method hydrochloride 50 min [73]
4 AgNPs Green synthesis M.O 10h [74]
5 AgNPs and TiO, Chemical method M.O 30 min [75]
6 AgNPs Green synthesis C.R 35 min [76]
7 BaSnOj3;/Mxene Electrostatic self assemble 4 Nitrophenol 75 min [77]
8 Ag and Zn NPs Chemical method CR 50 min [78]
9 Ag and Au NPs Green synthesis C.R 60 min [79]
10 Cds/TizCy /TiO, Hydrothermal Methylene blue 150 min [80]
11 AgNPs Green synthesis MO 3h [81]
12 NiFe,;O4/Mxene Ultra-sonification Methylene blue 70 min [82]
13 Ag and Au NPs Green synthesis C.R 60 min [83]
. . Electrostatic Rhodamine B, Methylene .
14 MXene/NiMnOs3/NiMn; Oy self-assembly method blue, and methyl orange 50 min [84]
Facile and eco-friendly .
16 rGO/Fe304 co-blending method Methylene blue, 50 min [85]
2 h 40 min,
17 Bi, O3-rGO Sono chemical route Methylene blue, 2 h 20 min [86]
and 1h
18 CdSe-Graphene Facile synthesis Rhodamine B 150 min [87]
19 MXene-Silver Chemical method Safranin dye 15 min [88]
Bromophenol blue,
20 Ag-LaNiO3/MXene Facile routes Methyl orange, and 70 min [89]
benzoic acid
) . Methylene blue and .
21 AgNPs/TiO, /Ti3Cp Tx Hydrothermal method Rhodamine B 120 min [90]
Oxytetracycline,
» MXene-derived Hydrothermal oxidation rhodamine b, methyl 15 min and [91]
Ti3Cy /TiOy / Ag method orange, and 45 min
methylene blue
23 rGO-Ag Hydrothermal method Direct Blue-24 35 min This work
24 MX-Ag Selective etching and Direct Blue-24 10 min This work

self-reduction method

4. Reusability and Stability

Ensuring the reusability and recovery of nanocomposites (NCPs) holds paramount
importance for practical catalyst applications. Typically, achieving this involves washing
the nanocomposites thrice with distilled water, followed by centrifugation. This study
investigates the reusability of rGO-AgNPs and MX-Ag in DB-24 reduction. Remarkably,
these nanocomposites exhibit sustained performance, retaining their effectiveness for up to
five cycles with decomposition rates of 96% and 98%, as illustrated in Figure 10a.

Zeta potential measurements reveal a negative charge of —35.5 mV for rtGO-Ag and
—38.04 mV for MX-Ag, indicating strong repulsive forces between the NCPs, which en-
hance their stability and affinity for metal ion fabrication on their surfaces (Figure 10b).
Moreover, SEM analysis of the washed and reused nanoparticles (Figure 10c,d) indi-
cates minimal morphological changes even after the fifth cycle. However, prolonged
use beyond this point may lead to nanoparticle poisoning and reduced decomposition
efficiency [88,92,93].
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Figure 10. Decomposition (%) as shown in column graph (a), Zeta potential (b), SEM images of
rGO-Ag (c) and MX-Ag (d).

5. Conclusions

In this work, Graphene oxide (GO) was prepared using the modified Hummer’s
method and MXene was produced by selectively etching the MAX phase into a hydroflu-
oric acid solution. MXene-silver nanoparticles (MXene-Ag) were synthesized using the
direct reduction method with an ammoniacal solution (aqueous solution). A nanocomposite
based on reduced GO-Silver (rGO-Ag) nanoparticles was prepared using the hydrothermal
method. Highly concentrated, small, and uniformly dispersed Ag-based composites pre-
sented a large surface area of the functional active sites for improved photocatalytic activity.
These nanocomposites were evaluated morphologically and chemically using XRD, TEM,
HRTEM, EDS mapping, AFM, and XPS. According to the XRD, TEM and AFM results,
the average particle size of the AgNPs observed in the rGO-Ag sheet was ~20 nm while
in the MXene-Ag sheet was ~10 nm. Characterization results from XRD, TEM, HRTEM,
EDS mapping, AFM, and XPS confirmed the successful formation of MXene and rGO. The
MXene-Ag and rGO-Ag nanocomposites showed that the AgNPs had a smaller size and
spherical shape with uniform distribution, successfully formed on the MXene and rGO
surfaces using a [Ag(NHj3);] solution as well as AgNOs5 alone, by selective etching and
hydrothermal methods. This method also reduced the synthesis time and promoted good
dispersion of the NPs. Both synthesized composites showed successful degradation of
Direct Blue-24 dye. However, it was found that MX-Ag exhibited a greater impact on
the degradation process compared to tGO-Ag. Notably, the maximum degradation, i.e.,
97-98%, occurred within 10 to 16 min for MX and MX-Ag nanocomposites, while rGO and
rGO-Ag nanocatalysts achieved 94-96% degradation in 35 to 50 min. Hence, the methods
of preparing MXene-Ag and rGO-Ag nanocomposites can be considered to obtain various
types of MXene and rGO-based metallic nanocomposites for more useful and advanced
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fields. The results of this research may find a useful application for treating various types
of industrial wastewater at a commercial level.

6. Drawback of the Study and Future Scope

This study demonstrated the enhanced catalytic efficiency of Ag-attached MXene
nanocomposites for dye decomposition. Specific limitations can be attributed to the se-
lection of a specific dye (Direct Blue-24). Future research could explore the catalytic
performance of these synthesized nanocomposites for a broader range of dye stuffs and
concentrations. Additionally, investigating the stability and recyclability of synthesized
products under various environmental conditions would also provide valuable insights for
more diverse practical applications.
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