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Advancing Photocatalysis: Insights from 2D Materials and
Operational Parameters for Organic Pollutants Removal

Bachir Yaou Balarabe and Timur Sh. Atabaev*

Photocatalysis plays a crucial role in tackling environmental challenges by
efficiently breaking down organic pollutants in water. This study highlights the
significant contribution of 2D materials in advancing photocatalytic technology
for sustainable environmental remediation. It explores various aspects

of photocatalytic processes, including important performance metrics such as
reaction rate, quantum yield, space yield, energy consumption, and figure of
merit. The main focus is on 2D materials-based structures, such as metal oxide
supported on graphene and graphene oxides, MXene, or MoS, (referred as
2D-MO NPs), as well as more complex nanocomposite configurations (referred
as 2D-MO NCs). Furthermore, the research examines the complex interaction
between compositional and operational factors that influence photocatalytic ac-
tivity, as well as different photocatalytic mechanisms and active species. Finally,
it addresses the current limitations of photocatalytic organic pollutants degra-
dation for field applications and discusses the prospects of this technology.

1. Introduction

Due to industrial growth and higher living standards, organic
pollutants, such as dyes and pharmaceuticals, have become sig-
nificant environmental threats in recent decades.!'! These pol-
lutants persist in the environment, disrupt ecosystems, and
pose health risks to humans and wildlife, causing irreversible
harm to aquatic species.l®'% Various decomposition methods
have been implemented to convert these pollutants into harm-
less substances to mitigate these concerns. Techniques includ-
ing biodegradation, electrochemical processes, adsorption, and
chemical oxidation have been extensively utilized."""'*) Among
these, photocatalytic methods stand out because of their green
chemistry, cost-effectiveness, and safety. This approach is con-
sidered a key sustainable technology for the future and is part
of the advanced oxidative processes.['>?°l The innovative use of
renewable resources to treat water pollution is demonstrated
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using semiconductor-based photocata-
lysts and light-driven materials for water
purification.?'"?] Semiconductor metal
oxides, such as CuO, TiO,, ZnO, Fe,0;,
and many others, have been extensively
studied since groundbreaking work of
Fujishima et al. in 1972.1%-33] These
metal oxides possess versatile physico-
chemical properties and offer a path-
way for sustainable and clean ecosys-
tems. However, the effectiveness of these
metal oxides in removing organic pol-
lutants is hindered by certain limita-
tions, such as wide bandgaps and low
conductivity.2%73+35] Improving the per-
formance of these metal oxides can
be accomplished through two primary
strategies: inhibiting the recombination
of photoinduced positive holes and electrons to facilitate re-
dox reactions and hydroxyl radical generation and narrowing
the bandgap to increase visible light absorption and harness
a wider solar spectrum.['73¢%% Given that the solar spectrum
primarily comprises infrared and visible light, with only a mi-
nor fraction attributed to ultraviolet light, enhancing the absorp-
tion of visible light plays a crucial role in optimizing photo-
catalytic performance.*!] Researchers have investigated various
methods to enhance the effectiveness of metal oxides in pho-
tocatalysis. The discovery of exceptional properties of graphene
in 2004 was a significant scientific breakthrough and led to ex-
ploration of 2D materials applications in photocatalysis, elec-
trocatalysis, lithium-ion batteries, supercapacitors, and electrical
devices.[*2*6] Researchers have increasingly focused on a range
of 2D materials due to their promising capabilities in degrading
organic pollutants. Among these materials are hexagonal boron
nitride (h-BN),[*’] transition metal dichalcogenides such as WS,
and WSe,,[*] graphitic carbon nitride (g-C;N,),[**! bismuth oxy-
chloride (BiOCI),15*52] black phosphorus (BP),!*3] and molybde-
num ditelluride (MoTe,).>* These materials excel in photocatal-
ysis owing to their adjustable bandgaps, large surface areas, and
efficient charge transport. They generate reactive oxygen species
under light and effectively remove organic compounds for en-
vironmental remediation. Their performance can be improved
through structural modifications or material integration, advanc-
ing pollution control efforts.>>] Further exploration of 2D mate-
rials has included molybdenum disulfide (MoS,), which has a
similar 2D structure as graphene but has improved catalytic ac-
tivity along its edges. This characteristic significantly enhances
the photocatalytic performance of metal oxide such as TiO, by
increasing the number of active surface sites and allowing for
faster separation of charge carriers within the metal oxide.>%!
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Figure 1. a) Graphene, MXene, and MoS, metal oxide composite publications: a decadal analysis (2015-2024). b) (i) Structural representation of
graphene. Reproduced under the term of the CC-BY license.l5”] Copyright 2023, MDPI. (ii) Structural dynamics of graphene-based materials—graphene,
graphene oxide (GO), and reduced graphene oxide (rGO). Reproduced with permission.[”!] Copyright 2021, RSC. Overview of MXene precursors and
synthesis: (i) three mono-M MAX phase structures (M,AX, M3AX,, and M4AX;) and selective etching of A-group layers (depicted in red). (iv) Formation
of MXenes postselective etching and surface terminations (illustrated in yellow) labeled as T. (v) Potential elements for M, A, X, and T in the MAX and
MXene phases. Reproduced with permission.l'0"] Copyright 2020, Springer. (vi) Monolayer and bulk unit cell structures of MoS,, highlighting spatial
inversion symmetry break in monolayers; left: monolayer and right: bulk unit cell. Reproduced with permission.['%] Copyright 2012, Nature.

In 2011, significant advances occurred with the discovery of
MZXene, a transition metal carbide, nitride, and carbonitride. MX-
ene quickly became a focus of study in the field of photocata-
lysts because of its three important features: abundant functional
groups resulting from the wet chemical etching process, the abil-
ity to modify its bandgap through surface chemistry, and en-
hanced conductivity provided by its conductive metal cores.l>’=>°!
As aresult, MXene has established itself as a competitive material
in 2D photocatalysts, particularly in pollutant degradation.[%-62]
MZXene exhibits exceptional electrical conductivity owing to elec-
tron confinement, which improves photocatalysis by aiding
charge separation. Their large surface area is ideal for preventing
catalyst growth and aggregation. Significant progress has been
made in the past year in removing organic pollutants using metal
oxide-supported 2D materials. A review of relevant works from
scientific literature between 2015 and 2024 identified 7871 publi-
cations. It is important to note that although graphene is a pi-
oneering material, ongoing research interest remains high, as
shown in Figure 1a. Following graphene, MXene emerged, fol-
lowed by MoS,. This sequence demonstrates the continued cu-
riosity and investigation of these materials. Thus, this review
thoroughly examines and compares the photocatalytic perfor-
mances of metal oxide-supported graphene, MXene, MoS,, and
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their composites in the degradation of organic pollutants. More-
over, it comprehensively explores the morphological evolution of
these metal oxides, describes their synthesis methods, analyses
the key factors influencing the photocatalytic removal of organic
pollutants, and explains the complex mechanisms that drive
this degradation process. Thus, this study addresses the United
Nations’ Sustainable Development Goal # 6 (Clean Water and
Sanitation).

2. 2D Materials
2.1. Graphene

Graphene, with its unique 2D hexagonal lattice of sp?-bonded
carbon atoms, has revolutionized various fields such as elec-
tronics, energy, and materials science. This is primarily due to
its extraordinary properties, including an impressive theoreti-
cal specific surface area that exceeds 2600 m? g=1.[63-66] pure
graphene and its derivatives, such as graphene oxide, reduced
graphene oxide, and graphene nanosheets, have been widely
studied. Graphite, commonly used as the starting material for
graphene synthesis, comprises stacked graphene layers tightly
bonded to form a carbon lattice (Figure 1b(i)). The weak van
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Figure 2. a) Graphic representation: self-assembly and functionalities of TiO,/GR hybrid systems. Reproduced with permission.l’®%l Copyright 2018,
Elsevier. SEM images of MoS,/BiOBr sphere-like structures: b) low magnification view, and c) top view. Reproduced with permission.[’>*] Copyright
2014, RSC. d) Procedure for synthesizing Ag; PO, /rGO nanocomposite. Inset: TEM image of Ag; PO, /rGO. Reproduced with permission.['*3] Copyright
2013, Elsevier. e,f) TEM images of ZnO and Ag-ZnO/rGO nanocomposites, respectively. Reproduced with permission.!'®1l Copyright 2018, Springer.

der Waals forces hold these layers together. When graphene
is isolated into a single layer, it becomes an ultrathin mate-
rial that is only one atom thick.*”] This transformation high-
lights graphene’s exceptional mechanical, electrical, and thermal
properties, broadening its potential for environmental applica-
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tions. For example, graphene can be used in advanced oxida-
tion processes to decompose dyes in wastewater treatment.[686]
Graphene oxide (GO) is a significant variation of graphene and
is synthesized using Hummers’ method (Figure 1b(ii)). This
method causes oxidation and reduction, resulting in a decrease
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Figure 3. a,b) Synthesis of 2D/2D Bi,WO¢/Nb,CT, flower-like structure and SEM image. Reproduced with permission.['®2] Copyright 2020, Elsevier.
) SEM image of WO, @rGO nanoflower, (inset) TEM image. Reproduced with permission.['93] Copyright 2016, Elsevier. d) SEM image displaying the
flower-like structure of ZnO within the rGO/TiO,/ZnO nanostructure Reproduced with permission.['®*] Copyright 2018, Elsevier. e-g) Experimental
setup and TEM images at low and high MoS,/Fe;O,/rGO magnifications, respectively. Reproduced with permission.["%¢] Copyright 2018, RSC.

in electrical and thermal conductivities. Nonetheless, the prop-
erties of GO can be reinstated to mimic graphene by reduc-
ing it, leading to the formation of reduced graphene oxide
(rG0)."%7! Enhancing graphene oxide’s conductivity through ox-
idation and reduction methods has opened new possibilities in
optoelectronics, mechanical engineering, biomedicine, and sens-
ing applications. Integrating GO with metal oxides in nanocom-
posites is also valuable for photocatalytic applications, particu-
larly in water treatment. These composites offer high efficiency,
stability, and magnetic recoverability, making them ideal for
such uses. However, challenges such as production expenses,
nanoparticle clumping, environmental concerns, and scalabil-
ity must be addressed. Current research is dedicated to refining
these materials to effectively control water pollution on a broader
scale.”>77]
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2.2. MXene

MZXenes are a class of 2D transition-metal carbides or carboni-
trides. These materials are synthesized by selectively etching
specific atomic layers from parent MAX phases through the
use of hydrofluoric acid or a combination of hydrochloric acid
(HCl) with sodium fluoride (NaF), lithium fluoride (LiF), or
ammonium fluoride (NH,F).”88% MXenes possess the struc-
tural formula M, , X, T,, where the early transition metals tita-
nium (Ti), vanadium (V), zirconium (Zr), and niobium (NDb) are
combined with carbon and/or nitrogen. Furthermore, they ex-
hibit surface functional groups such as —O, —OH, and —F.[8182]
Based on the atomic layer numbers, MXenes display the charac-
teristic structures of M,XT,, M;X,T,, and M,X,T,. Initially in-
vestigated for energy conversion and storage applications, MX-

© 2024 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BAIER.D 8|qedl(dde au Aq peusenob are Ssoile YO ‘8sn JO S9N 10} Aeiqi T 8ul|uO /8|1 UO (SUONIPUOD-PUB-SWLBI W0 A8 | 1M ATeIq 1 BU1 UO//:SANY) SUORIPUOD pue swie 1 a4} 89S *[620z/20/80] U AriqiTauliuo A8|im ‘AisieAiun refeqrezeN Aq £8007202 NSPe/z00T 0T/I0p/wod Ae|im Arelq1puljuo peouepe//Sdny woly papeoumod ‘2T ‘v20Z ‘981/99€Z


http://www.advancedsciencenews.com
http://www.advsustainsys.com

ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

www.advsustainsys.com

ul'/‘li,;,',::'/
IRE
1 genl
02839357

%

|
=

Ti;AlC, Ti,C, )

=]

&

£ Dried

=

H

T

o

Stirring Zn(NO,),"6H,0

105°C or 90 °C UH HTMA ~
A ZnO seeds/Ti;C,

HF ~ Zn(CH;C00),"2H,0
Etching Stirring

Silicone oil

o

/]k\_,/

, HN7 NH,

24 hat 200°C | J

‘WO; nanorods

Tw 001

Tungsten hexachloride
(WCly

9AR[I0)NE PIUI-UOPIL,

" WO, nanorods—
+

Graphene | H—t

N H
=~ 40mL
—

§ 1 h stirring —
! - ;’ < e
== ‘WO, nanorods-graphene,|
T— N
Teflon-lined autoclave

nanostructure

ZnO/TisC,

_ h\VO3
3 Nanorod

Figure 4. a) CFs/TiO,/MoS, nanostructures synthesis, and b-e) mapping images of CFs/TiO,/MoS, nanocomposites. Reproduced with
permission.l"71 Copyright 2019, Elsevier. f) ZnO microrods/MXene synthesis procedure, and g,h) TEM images of the ZnO microrods/MXene nanostruc-
tures. Reproduced with permission.['3] Copyright 2021, Elsevier. i) WO; nanorods—graphene nanostructure schematic representation and j,k) different

scale TEM images. Reproduced with permission.['78] Copyright 2016, RSC.

enes have garnered interest in photocatalysis owing to their
plentiful functional groups, adjustable bandgap, and metallic
conductivity.®3#5] MXenes have many applications in multiple
fields, including water splitting, CO, reduction, pollutant degra-
dation, and N, fixation. They significantly enhance photocatalytic
activity through several mechanisms, such as facilitating charge
carrier separation, providing structural support, controlling cata-
lyst size, and improving reactant adsorption.[8391 Although MX-
enes are primarily recognized as photogenerated electron accep-
tors, their role in photocatalysis extends beyond this function due
to their high specific surface area and surface chemistry.**92l
MAX phases comprise M, ,; X, atomic layers bonded to A-group
elements from groups 13 to 16 in the periodic table. Figure 1b(i)
shows three structures: M,AX, M;AX,, and M,AX,.)] In addi-
tion to primary M—A bonds, selective chemical etching of the A
elements allows for delamination of the M, ,, X, layers without
disrupting the M—X bonds. This removes the A-group layers and
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exposes the transition metals in M, ,X,, which are then termi-
nated by surface functional groups (T,). This leads to the for-
mation of M, ,, X, T, (Figure 1b(ii). The nature of these surface
terminations varies depending on factors such as etching differ-
ences, post-treatment chemistry, and specific transition metals.
Notably, the composition of MXenes derived from MAX phase
precursors exhibits some variability. For a comprehensive list of
elements relevant to M, X, T, and select A-group elements of MAX
phases (Figure 1b(iii).[*0"]

2.3. Mo,

MoS, has attracted significant attention because of its hexago-
nal lattice structure, which resembles graphene with a promis-
ing applicability in many fields.[1921%3] The intricate crystal struc-
ture of MoS,, depicted in Figure 1b(vi), consists of S—-Mo-S
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Figure 5. a) Schematic formation, b) SEM image and c) XRD pattern of the Ag;PO,/Ag/MoS,/TiO, nanoheterojunction. Reproduced with
permission.!'81] Copyright 2018, Elsevier. d,e) SEM images of TiO, nanotube arrays and CdSMn/MoS2/CdTe/TiO2 composite with schematic repre-
sentations (inset). f) EDX analysis of CdS—-Mn/MoS,/CdTe/TiO, composite. Reproduced with permission.['82] Copyright 2016, Elsevier.

layers stabilized by covalent bonds and van der Waals forces.
This arrangement offers a complex terrain for both challenges
and opportunities.l'%1%] Despite the indirect bandgap of MoS,
in its bulk form, integrating its 2D nanosheets into heterostruc-
tures with materials such as graphene has demonstrated sig-
nificant potential as photocatalysts.['] A range of methodolo-
gies, such as mechanical and chemical exfoliation,[1%-11% chemi-
cal vapor deposition,['"-1*] and hydrothermal and solvothermal
techniques,['">"1°] have been extensively employed for the syn-
thesis of MoS,, each possessing unique advantages and limita-
tions. However, MoS, encounters various challenges as a photo-
catalyst, including a restricted solvent-accessible surface area, ac-
celerated carrier recombination rates, and susceptibility to degra-
dation. Researchers have conducted extensive investigations into
multiple techniques to address these obstacles comprehensively.
These techniques include creating heterocomposites, integrating
metallic oxides, utilizing cocatalysts, designing core/shell struc-
tures, and implementing nonmetal doping. The primary objec-
tive of these strategies is to improve the photocatalytic efficiency
and durability of MoS,, thereby expanding its potential applica-
tions within the domain of photocatalysis.!12]

3. Metal Oxide Structures with Controlled
Morphologies Coupled to 2D Nanostructures

Research on 2D metal oxide nanostructures is highly signifi-
cant in materials science due to their unique properties and
wide range of applications.['?!] In synthesizing these materials,
the morphology can be manipulated, which enables the mod-
ification of physical attributes, such as dimensions, configura-
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tion, and constitution. This ultimately enhances their functional
properties.['?2] Achieving consistent morphology remains a chal-
lenge despite the availability of these opportunities. Studies have
shown that incorporating materials, such as ZnO, Ag,WO,, and
TiO,, into composites with MoS,, Ti;C,, and graphene results in
irregular morphologies. However, these composites consistently
exhibit improved photocatalytic activity in degrading various pol-
lutants, such as methylene blue, tetracycline hydrochloride, and
phenol.[127125] Over the past decade, significant progress has
been made in the deliberate fabrication of composite materials
employing 2D substances, such as graphene, MXene, and MoS,.
These nanomaterials demonstrated a remarkable enhancement
in their overall functionality.

3.1. Spherical Structures

Extensive research has been conducted on 2D materials sup-
ported by well-designed spherical metal oxide nanoparticles.
These nanoparticles include materials such as TiO,,[}26-131]
ZnO, 3718 CoFe,0,,191401  Ag PO, 141141 Co0,14]
Fe, 0,114 MgFe,0, 1 MnFe,0,,°°) NiCo,0,,[1!) ZrO, 115
Ag,VO,,[15% BiOBr,15155] NiFe,0,,16) Cu0,[157) BiVO, 18] and
Ce0,!> among others. These nanocomposites have significant
potential for photocatalytic removal of organic pollutants owing
to their distinct structural and synergistic properties. For in-
stance, synthesizing TiO, /graphene hybrids involved the initial
preparation of graphene oxide via a suspension and dialysis
process. The next step involved mixing tetrabutyl titanate with
ethylene glycol and acetone to produce TiO,/graphene (TG).
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Figure 6. Cu,O-rGO nanocomposites were examined using a) SEM and TEM (inset) imaging and b) elemental mapping with TEM-EDS analysis. Repro-

duced with permission.['85] Copyright 2017, Elsevier. c,d) TEM imaging and synthesis of CeO,/MXene composites. Reproduced with permission.

[186]

Copyright 2019, Elsevier. e) Schematic synthesis of MXene-Co;O, nanocomposites. f) TEM image of Co;O, small cube. g,h) SEM and TEM images of
the MXene—Co; O, nanocomposites. Reproduced with permission.['87] Copyright 2019, ACS Omega.

TG was then combined with graphene oxide to form a film,
which was subsequently treated with hydrazine hydrate to obtain
TiO,/GR hybrids, as shown in Figure 2a.['%! Furthermore, in
synthesizing the MoS, /BiOBr composites, MoS, was added to an
ethylene glycol solution containing the ionic liquid C16mimBr.
This solution was then reacted with Bi(NO,),-5H,0 in a Teflon-
lined autoclave, resulting in the sphere-like shape of the particles
(Figure 2b,c).">¥ Similarly, the synthesis of Ag,PO,/rGO sheet
nanocomposites involved the dispersion of rGO in a solvent,
followed by adding AgNO,. Subsequently, H,PO, was intro-
duced under stirring, as depicted in Figure 2d.'*] The spherical
ZnO structure in Figure 2e,f within the Ag-ZnO/rGO nanocom-
posites was achieved step-by-step. Zinc acetate, GO, and silver
nitrate were initially combined with ethylene glycol and stirred
at 70 °C. This mixture was then ultrasonicated for 2 h. Then,
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sodium hydroxide was added, and the mixture was autoclaved at
160 °C for 20 h.[161]

3.2. Flower-Like Structures

The synthesis methods for flower-morphology nanocomposites
vary depending on the constituent materials. Bi,WO,/Nb,CT,
nanosheets were synthesized by dissolving Nb,AIC in a hy-
drogen fluoride solution and then dispersing it in tetramethy-
lammonium hydroxide to obtain Nb,CT, nanosheets. These
nanosheets were then mixed with solutions containing sodium
tungstate dihydrate (Na,WO,-2H,0), bismuth nitrate pentahy-
drate (Bi(NO,);-5H,0), and cetyltrimethylammonium bromide
(CTAB), followed by autoclave treatment (Figure 3a,b).[162]
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Figure 7. a—c) Schematic exfoliation of Ti;AIC, and (001)TiO,/Ti;C, hybrid formation, along with FESEM image and corresponding XRD analysis.
Reproduced with permission.['38] Copyright 2016, American Chemical Society. d,e) SEM and TEM images of Bi,0,CO5 in MoS,/Bi,0,CO; composites.
Reproduced with permission.['] Copyright 2014, Elsevier. f,g) TEM images of Au/Bi, WO and Au/Bi,WO¢-MoS, nanocomposites, and h) HRTEM
image of Au/Bi,WO¢—MoS, nanocomposites. Reproduced with permission.[2%°] Copyright 2020, Elsevier. i) BiOCl and j) Ti; C,/TiO,/BiOCl SEM images

and k,l) XRD patterns corresponding to these materials. Reproduced with permission.[®2] Copyright 2020, Elsevier.

Conversely, the WO, @rGO flower nanostructure was prepared
via a one-step hydrothermal reaction. Initially, a suspension of
graphene oxide was combined with tungstic acid and hydrogen
peroxide to produce a colloidal solution, which was subsequently
subjected to a heating process at 180 °C for 12 h to facilitate
the formation of the composites (Figure 3c).l'%3] The synthesis
of the hybrid nanostructure on an FTO substrate involved three
essential stages: the application of rGO, hydrothermal synthesis
for mesoporous TiO,, and the promotion of ZnO nanostructure
growth within the TiO, matrix. These steps aimed to enhance sta-
bility and optimize electron transport through controlled growth
(Figure 3d).1% Similarly, a hydrothermal synthesis method pro-
duced Fe-doped ZnO nanoparticles with a flower-like morphol-
ogy. Subsequently, a MoS,-FeZnO nanocomposite was fabri-
cated by combining the Fe-doped ZnO nanoparticles with dif-
ferent weight ratios of MoS,/FeZn0.!'%®] The MoS, /Fe;0,/rGO
composite resembling a flower was synthesized through the se-
quential combination of Fe;O, nanoparticles with Na,MoO, and
L-cysteine, followed by the addition of a suspension of rGO and
subsequent execution of a hydrothermal reaction. A comprehen-

Adv. Sustainable Syst. 2024, 8, 2400483 2400433 (8 of 41)

sive depiction of the procedure can be found in Figure 3e, while
the resulting morphology and the HRTEM analysis are illustrated
in Figure 3f,g.11%]

3.3. Rods-Like Structures

The synthesis of rod-shaped nanomaterials has attracted con-
siderable attention in materials science and nanotechnology.
Recent research has focused on combining metal oxide nanorods
with 2D materials, specifically ZnO,!161167-1691 TjQ, [136.170.171]
Bi,0,,72173  $n0,, 74 CeO,,74175]  Nb,O,,76177]  and
WO,.17817] For instance, modifying carbon fibers (CFs) us-
ing a hydrothermal process to introduce TiO, nanorods. MoS,
nanosheets are deposited hydrothermally onto the CFs/TiO,
framework, as shown in Figure 4a—e.'7!l Similarly, synthesiz-
ing composites consisting of ZnO microrods/MXene involved
an initial step in preparing MXene through selective etch-
ing. Subsequently, the ZnO seeds were grown in ethanol and
annealed with MXene in water (Figure 4f). This sequential

© 2024 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH
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Figure 8. a) SEM images and b) XPS of MoS,/V, N codoped TiO, 45 thin films. Reproduced with permission.[2°11 Copyright 2018, Elsevier. c) XRD
patterns of the thin films. Reproduced with permission.[292] Copyright 2021, Elsevier. d) Synthesis of NiOMoS, @ PANI nanocomposite films. AFM topo-
graphical images of: e,f) PANI, g,h) MoS, @PANI, and i,j) NiO-MoS, @ PANI nanocomposite films. Reproduced with permission.[293] Copyright 2021,
Elsevier. k,I) AFM images of MXene@PVDF and MXene-PVA-TiO, @ PVDF membranes. Reproduced with permission.[204] Copyright 2023, Elsevier.
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Table 1. Different reported metal oxide structures on 2D materials.
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No. Metal oxide Metal oxide Composite material Synthesis method SEM/TEM images of the Refs.
structure composite

1 Wire Bi,TiO3, rGO/Biy,TiO3, One-pot hydrothermal [205]

2 Leaf-like lamellas BiVO, BiVO,-GR Hydrothermal [206]

3 Octahedral TiO, (117) TiO, /Ti;C, Hydrothermal [207]

4 Hexagonal a-Fe, 05 a-Fe,0;/MoS, /Ag One-pot hydrothermal and [208]
bipyramidal postdeposition

5 Polyhedron TiO, TiO, /Ti;C,T, In situ solvothermal [209]

6 Nanonuts CuFe,0, CuFe,0,/Ti;C, Ultrasonication [270]

7 Rice crust-like ZnO ZnOJTi;C, T, Calcination [217]

8 Decahedral Fe-TiO, Fe-TiO, /Ti;C, T, Hydrothermal acid treatment and Fe [212]

sputtering

9 Spindle a-Fe, 04 a-Fe,05/ZnFe,0,4/Ti;C, Ultrasonic-assisted self-assemble [213]
Irregular ZnFe,0,

10 Flaky and wrinkled Fe,05 rGO-Fe,0;-MoS, Two-step hydrothermal [195]

1 Thin shell Fe;0,—MoS, Fe;O,—MoS, /Ag;PO, Hydrothermal and chemical precipitation [214]
Spherical Ag; PO,

12 Nanobelts TiO, Ag/MoS, [TiO,—x Hydrothermal-photochemical reduction [215]

(Continued)
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Table 1. (Continued)
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No. Metal oxide Metal oxide Composite material Synthesis method SEM/TEM images of the Refs.
structure composite

13 Well-defined Fe;0,@TiO, Fe;O,@TiO,-GO Hydrothermal [216]
core/shell

14 Nanoslices CuO MoS, /CuO Hydrothermal [217]

15 Nanofibers TiO, MoS, /TiO, Hydrothermal [218]

16 Fibrous TiO, @PMMA MoS, @TiO, @PMMA Hydrothermal [219]

17 Walnut-like CaTiO, CaTiO;/MoS,/RG Ultrasonication [220]

process yields composites exhibiting hierarchical architectures,
as illustrated in Figure 4gh.'8 A different approach for syn-
thesizing WO, nanorods—graphene nanostructures involves
precisely controlling the hydrothermal method (Figure 4i). This
process utilizes WCl;, ethanol, oxalic acid, and urea to form
WO, nanopowder. The obtained powder is mixed with graphene
nanosheets through ultrasonic treatment to form the rod shape
(Figure 4j,k).[178]

3.4. Nanotube-Like Structures

Fabricating metal oxide-nanotube-based nanocomposites re-
quires a systematic and customized approach considering each
constituent material’'s properties and desired applications. To
illustrate, the synthesis of a nanoheterojunction incorporating
Ag,PO,/Ag/MoS,/TiO, involves the integration of TiO, nan-
otubes via electrospinning, followed by the hydrothermal code-
position of Ag,PO,/Ag and MoS, (Figure 5ab). This tech-
nique yielded a remarkably efficient nanoheterojunction with en-
hanced photocatalytic characteristics. XRD analysis in Figure 5c
reveals distinct peaks for Ag,PO,, metallic Ag, MoS,, and
TiO,, confirming that the 3D Z-scheme Ag,PO,/Ag/MoS, /TiO,
nanoheterojunction was successfully synthesized and that the
materials are well-integrated into a cohesive heterojunction
structure.['®!] Furthermore, the fabrication of layered (CdS-
Mn/MoS, /CdTe)-promoted TiO, nanotube arrays involves an-

Adv. Sustainable Syst. 2024, 8, 2400483 2400483 (11 of 41)

odization and annealing to form TiO, nanotubes. Subse-
quently, CdTe nanoparticles were pulse-electrodeposited and an-
nealed. Next, MoS, nanosheets were synthesized hydrothermally
on CdTe/TiO,, followed by successive ionic layer adsorption
and reaction (SILAR) coating of CdS—Mn nanoparticles onto
MoS,/CdTe/TiO,. Figure 5d,e depicts the morphological struc-
ture of this synthesis."®?] In the meantime, the synthesis of the
ternary MoS,-TiO, nanotubes-Bi, S; system utilizes microwave-
assisted heating to generate a mixture containing TiO, nan-
otubes, Bi(NO,);, and sodium molybdate dihydrate. The result-
ing compositions, distinguished by different solution volumes,
exhibit variations.['] Similarly, a ZnS/CdS-Mn/MoS, /TiO, het-
erostructure was synthesized by deposition of MoS, onto TiO,
nanotubes. Subsequently, SILAR was used to deposit the CdS—
Mn layers, which were then topped with a ZnS capping layer.
This intricate fabrication technique yields a heterostructure with
improved functionalities. The EDX analysis in Figure 5f revealed
the presence of O, S, Cd, Ti, Mn, Mo, and Zn in the nanotube
arrays, though Te was missing, likely because of sample prepara-
tion losses.[184]

3.5. Cubic Structures
Composite material-based cubic metal oxide morphologies have

been successfully synthesized using various methods. One ex-
ample is the synthesis of Cu,0-rGO nanoheterostructures

© 2024 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH
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Table 2. Calculation of catalyst performance metrics under different light sources.
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through photochemical reduction. This process involved dissolv-
ing Cu(OAc), in a solution of ethylene glycol and water, followed
by the addition of GO powder and subsequent ultrasonication.
The resulting mixture was then exposed to UV irradiation. The
morphological structure of the synthesized materials is depicted
in Figure 6a,b.'®] Meanwhile, CeO,/MXene composites were
synthesized by dispersing MXene nanosheets in water, incorpo-
rating Ce(NO;);-6H,0, and subjecting the resulting suspension
to hydrothermal treatment, as depicted in Figure 6¢,d.[*¥] Sim-
ilarly, MXene—Co,0, cubic nanocomposites have been synthe-
sized. First, MXene was dissolved in water, and then, a solution
containing Co(Ac), was added. The resulting mixture was then
subjected to autoclave heating at a temperature of 120 °C for 8 h
(Figure 6e-h).[1#7]

3.6. Layered Structures

Metal oxide nanosheets of multiple shapes have been synthesized
successfully, including square,881%] rectangular,['"l lamellar,®?]
nanoflakes,[126191-193] and nanoplates structures.['**1%] For in-
stance, the synthesis of square TiO, nanosheets on Ti;C, in-
volves selective exfoliation of Ti,;C, from Ti,AlC,, followed by
purification steps. The exfoliated Ti,C, is then hydrothermally
oxidized in a Teflon-lined autoclave, resulting in the forma-
tion of (001)TiO,/Ti,C, nanosheets, as shown in Figure 7a,b
and further confirmed by XRD analysis in Figure 7c.'88 Sim-
ilarly, Wang et al. successfully synthesized MoS,/Bi,0,CO,
composites with a nanosheet-like morphology, as shown in
Figure 7d,e, using a hydrothermal method."® Meanwhile, the
synthesis of square nanosheet nanostructures of Au/Bi,WO,
nanosheet-MoS, heterojunctions, as illustrated in Figure 7f,g
and supported by HRTEM analysis in Figure 7h, involves sev-
eral steps. Initially, precursor solutions were prepared. Sub-
sequently, microwave-assisted synthesis and directed assembly
strategies are implemented to incorporate MoS, nanosheets
into the heterostructure matrix.?®! Conversely, the formation
of a Ti;C,/TiO,/BiOCl thick lamellar structure, as depicted in
Figure 7i,j, involves suspending Ti;C, in acetic acid (HAc). Sub-
sequently, Bi(NO,),;-5H,0 and KCl were added during the ultra-
sonication. The mixture was then transferred to a Teflon-lined
autoclave and maintained at 180 °C for one day. The resulting
products were then subjected to filtration, washing, and drying,
yielding heterostructures with different mass ratios of Ti,C, and
BiOCl. The XRD analysis in Figure 7k,] demonstrates that Ti,C,
was partially converted to TiO,, leading to Ti; C, /TiO, /BiOCl het-
erojunction formation. This transformation enhances the mate-
rial’s photocatalytic efficiency.[®?!

3.7. Film Structures

Developing and analyzing heterostructure thin films and com-
posites have shown marked improvements in photocatalytic
activity and crystallinity. MoS,/V, N codoped TiO, heterostruc-
ture thin films were synthesized using sol-gel and chemical bath
deposition techniques, followed by annealing at 500 °C. Scanning
electron microscopy (Figure 8a) revealed that a 12 nm thick MoS,
layer, optimally deposited over 45 min, significantly enhanced the
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Table 3. Comparative analysis of performance evaluation criteria intervals.
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Remarks score Total score Score k QY Sy Ec FOM

Poor 5-8 1 <10 <0.25x 107® <0.6 x 107% >800 <1

Fair 9-12 2 10-50 0.25-3 x 1076 0.61-5 x 1078 290-800 1-15
51-300 3-15x 1076 5-35x 1078 110-290 15-100
>300 >15x% 107° >36x 1078 <110 >100

k: kinetic rate; QY: quantum yield; SY: space yield; Ec: energy consumption; FOM: figure of merit.

photocatalytic performance. Elemental analysis in Figure 8b con-
firmed the successful synthesis of the heterostructure.[?°!) In con-
trast, a study on anatase TiO,~GO composite thin films demon-
strated that composites containing 0.25% GO exhibited a crys-
tallinity degree of ~37%, comparable to the initial TiO, layer,
suggesting orderly growth. The absence of the GO peak at 26
= 11.4° in the XRD spectra implies either a low GO content or
disruption of the GO layers. Additionally, thermal treatments at
100 and 150 °C were found to have minimal impact on the crys-
tallinity of the TiO, matrix (Figure 8c).22l Moreover, a flexible
and reusable photocatalyst was synthesized by polymerizing ani-
line in hydrochloric acid to form polyaniline (PANI), followed by
developing and drying (Figure 8d). MoS, was dispersed within
the PANI matrix by ultrasonic treatment, and the resulting mix-
ture was cast into thin films to create a conductive material. The
conductive MoS, @PANI film was coated with NiO using direct
current sputtering. AFM analysis in Figure 8e—j showed a sig-
nificant increase in surface roughness after NiO sputtered onto
the MoS, @PANI film. NiO particles, ranging in size from 4.85 to
202 nm with an average diameter of 60 nm, contributed to the in-
creased surface roughness. This increase is expected to boost the
photocatalytic activity of the film by providing additional active
sites for reactions.[?”) Similarly, The MXene-PVA-TiO, @ PVDF
membrane exhibits greater surface roughness of 143 nm and a
larger surface area of 133.9 pm? compared to the MXene @ PVDF
membrane with 115 nm and 110 pm?, respectively, as shown in
Figure 8k,1. These enhancements were attributed to the integra-
tion of TiO, nanoparticles. Furthermore, the 2D/3D hierarchical
structure created by the MXene and TiO, nanoparticles enhances
the membrane’s structural stability, making it more effective for
its intended applications.[24]

3.8. Other Structures

A wide range of metal oxide structures have been developed
and are categorized in Table 1. These structures included
nanowires, leaf-like lamellas, octahedrals, hexagonal bipyra-
mids, nanonuts, rice crust-like forms, decahedrals, spindles,
nanobelts, well-defined core/shell configurations, nanoslices,
nanofibers, structures, and walnut-like shapes. Each morphol-
ogy offers unique advantages, such as increased surface area,
enhanced light absorption, improved charge carrier mobility,
and enhanced catalytic activity, all essential for photocatalysis
applications. The selection of synthesis methods, such as hy-
drothermal processes, sol-gel techniques, coprecipitation, and
ultrasonication, demonstrates the flexibility of customizing the
morphological characteristics and properties of these metal

Adv. Sustainable Syst. 2024, 8, 2400483 2400483 (13 of 41)

oxide-based composite materials to meet specific performance
requirements.

4, Performance Evaluation

Optimizing design and operational parameters rely on a compre-
hensive evaluation of photocatalytic performance, which, in turn,
drives the formation of efficient and environmentally friendly
technologies for diverse applications. The evaluation of photocat-
alytic performance includes critical indicators such as the reac-
tion rate (k), quantum yield (QY), space yield (SY), energy con-
sumption (Ec), and figure of merit (FOM). These metrics pa-
rameters provide valuable insights into efficiency, productivity,
and sustainability.*’! The reaction rate (k), expressed in micro-
moles per gram per hour (umol g~! h7!), and represents the
speed of chemical transformations within the photocatalytic sys-
tem (Equation (1)). This parameter plays a crucial role in improv-
ing catalyst design and industrial processes.[??!l The QY, as de-
fined by Equation (2), quantifies the efficiency of converting ab-
sorbed photons into reactive species, which is essential for pol-
lutant degradation. Higher QY values indicate more efficient en-
ergy utilization. In contrast, the SY in Equation (3) measures pro-
ductivity in terms of both time and mass.???l Equation (4) illus-
trates Ec in Watt-hours per micromole (Wh pmol™), indicating
efficiency and environmental impact. Achieving lower values is
critical to promoting sustainability.[??*] The integration of several
parameters in evaluating the overall effectiveness, facilitated by
utilizing the FOM as defined in Equation (5), allows for direct
comparisons among photocatalysts and enables the identifica-
tion of promising materials for practical applications, consider-
ing both efficiency and sustainability.?2* Detailed calculations of
these variables are provided in Table 2

_ Amount of pollutant removed (umol)

Catalyst mass (g) = Time (h) @

QY = Decay Rate (molecule per second) P
Photon flux (photon per second)

_ QY (molecule per second) 0)

Photocatalyst mass (mg)

o= Lamp power (W) # Time (h) 4
€= Amount of pollutant removed (umol) *)

FOM

_ Product obtained (mL) ( 5)

- Catalyst mass (g) = Time (h) * Energy consumption (Wh mol-)
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Figure 9. A comparative analysis of performance metrics of the 2D composite materials.

From the analysis of 169 composites, as detailed in Tables
4 and 5, and the scores assigned after evaluation, the quartile
method was used to categorize the data into four groups. By us-
ing this method, data are evenly split into quartiles, enhancing
the clarity of the analysis. Quartiles are obtained by sorting the
data in ascending order and dividing it into four equal parts. The
first quartile (Q1) marks the value below which 25% of the data
falls, while the second quartile (Q2), or median, represents the
midpoint, with 50% of the data below it. The third quartile (Q3)
indicates the value below which 75% of the data falls. Based on
these quartiles, the data is divided into four groups: Group 1 in-
cludes values < Q1, Group 2 includes values > Q1 and < Q2,
Group 3 includes values > Q2 and < Q3, and Group 4 includes
values > Q3. Using the example of energy consumption, Q1 was
110, Q2 was 290, and Q3 was 800. Table 3 summarizes the per-
formance evaluation criterion intervals. Each row represents a
different performance metric, allowing for comparison.

4.1. Parameters Affecting the Photocatalytic Removal of Organic
Compounds

2D composite materials display strong kinetic properties, par-
ticularly in the excellent and good categories (Figure 9a). Mo—
Mo nanocrystals (NCs) exhibit superior kinetics, with MX-Mo
nanoparticles (NPs) closely following. A similar pattern is seen
in FOM performance (Figure 9e), where G-MO NPs stand out,
followed by G-MO NCs and MX-MO NCs. However, as shown
in Figure 9b,c, the quantum and space yields are less remark-
able. G-MO NPs lead in quantum yield, with Mo-MO NCs in
second place. For space yield, G-MO NPs again perform well, fol-
lowed by Mo—MO NPs. Notably, these nanocomposites are highly
energy-efficient, requiring less energy, as depicted in Figure 9d.
G-MO NPs and MX-MO NPs demonstrate good energy effi-

Adv. Sustainable Syst. 2024, 8, 2400483 2400483 (24 of 41)

ciency, whereas Mo—MO NCs fall short. These composites ex-
cel in kinetics and energy efficiency, while their quantum yield,
space yield, and FOM are acceptable (Figure 9f). Across all param-
eters except for kinetics, 2D-MO NPs outperform 2D-MO NCs.
Importantly, Figure 9g,h underscores the superiority of single
metal oxides—2D materials over their composites. In this context,
20% and 23% of these single metal oxides—2D materials attained
“excellent” and “poor” ratings, respectively, compared to 8% and
28% for their composites.

Table 6 comprehensively compares the photocatalytic degra-
dation behaviors of various nanocomposites. This highlights the
key factors influencing the performance of 23 specific materials
among the 169 samples analyzed. By examining this table, we
gain a deeper understanding of the parameters that may affect
the photocatalytic activity of these metal oxide-supported 2D ma-
terials.

4.2. Influence of Morphology

The morphology of nanoparticles plays a crucial role in determin-
ing their effectiveness in the photodegradation of organic pollu-
tants, as variations in their shape directly influence properties
such as crystalline facets, surface composition, and overall ge-
ometry. For example, octahedral Cu,O nanocrystals demonstrate
superior methyl orange degradation efficiency by optimizing sur-
face interactions via [110] facet exposure, outperforming their cu-
bic and decahedral counterparts (Figure 10a,b). Similarly, disk-
shaped Fe, O, nanoparticles, as shown in Figure 10c, exhibit en-
hanced Rhodamine B degradation relative to cubic and mixed
cubic-disk morphologies, driven by high-energy crystal planes
and surface hydroxyl functionalities.}*31% The g-C,N,/TiO,
nanocomposite, featuring various morphologies such as nan-
otubes, exhibits enhanced Rhodamine B degradation due to

© 2024 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH
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Table 6. Characteristics of 23 excellent performing materials out of the 169 analyzed.
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No. Photocatalysts Synthesis Light source % of adsorption Main active species Mechanism Refs.

1 TiO, /GO Hydrothermal uv - O,e— - [126]

2 TiO,/GO, GR Hydrothermal uv - - - [123]

3 WO, /rGO Hydrothermal Visible - HOe Direct electron transfer [163]

4 TiO,-rGO UV-assisted photocatalytic reduction uv - - - [227]

5 TiO, /GO Hydrothermal uv <5 h+, HOe, and HOOe - [229]

6 SnO,-rGO Hydrothermal-assisted ultraviolet uv - HOe and O,e— Direct electron transfer [197]
Irradiation

7 BiVO,/rGO aerogel Hydrothermal followed by uv - - Direct electron transfer [236]

freeze-drying

8 GO/TiO, Chemical precipitation and heat uv - - - [237]
treatment

9 GO/TiO, Surface functionalization uv - - - [170]

10 ZnO/GO Hydrothermal uv - - - [134]

1 ZnO/GO Ultrasonication and chemical uv - eOH and O, e— Direct electron transfer [135]
reduction

12 Bi,WO4 /Nb,CT, Hydrothermal Visible - h+, eOH, and O,e— Schottky junction [162]

13 TiO, /Ti;C, Hydrothermal uv <5 - - [247]

14 BiOBr/Ti; C, Electrostatic self-assembly Visible 20 h+, eOH, and O,e— Schottky junction [155]

15 BiggLag 1Feq o5 Double solvent sol-gel Visible 93 eOH and O,e— Direct electron transfer [246]

Mng 0503 /Ti3Cy

16 MoS,/ZnO Hydrothermal uv - h+, HOe, and HOOe Heterojunction Type Il [124]

17 MoS, /TiO, Hydrothermal uv 40 h+, eOH, and O,e— Direct electron transfer [218]

18 ZrO,/MoS, Precipitation uv 0 h+and O,e— Heterojunction Type | [152]

19 MoS,/MnFe,O, Hydrothermal Visible - h+, eOH, and O,e— Electrons and holes transfer [150]

20 BiOl/Fe;O, @GO Chemical coprecipitation Visible 30 h+ and eOH Electrons and holes transfer aided by ~ [147]

GO
21 AgNPs/TiO,/Ti;C,T, Hydrothermal uv 0 h+ and O,e— Charge transfers from TiO, to MXene  [128]
and then to AgNPs
22 CoO@TiO,/Ti;C,T,  Facial sonication—hydrothermal Visible - SO e—, O,e—,and '0, Z-scheme heterojunction [289]
23 Bi,S3/MoS,/TiO,  Microwave-assisted hydrothermal ~Natural sunlight 0 O,0— Dual Z-scheme heterojunction [183]

increased surface area and light absorption. Similarly, Ag,PO,
particles with rhombic dodecahedron and branched shapes
demonstrate superior performance under visible light, attributed
to their reactive facets and an optimal Ag® to Ag* surface ratio,
surpassing spherical, cubic, and tetrahedral forms.31312] Hexag-
onal and spherical ZnO nanoparticles enhance methyl orange
photodegradation due to increased interstitial spaces.**] Simi-
larly, TiO, nanozigzag structures improve organic dye degrada-
tion through their large surface area and oxygen vacancies,?'*]
while WO, nanoplates with cubic shapes nearly achieve com-
plete Rhodamine B degradation by increasing reactive site den-
sity (Figure 10d). This increased activity is attributed to the ex-
posure of a more significant proportion of polar (001) and (001)
faces on the plate-like particles, which are more active than the
nonpolar faces found on the rod-shaped particles, as depicted in
Figure 10e.3"] Furthermore, hexagonal plate-like ZnO nanopar-
ticles decompose methylene blue more effectively by exposing
polar faces that boost hydroxyl radical production, as shown in
Figure 10f,g.31%) In addition, daisy-shaped TiO, composites ex-
cel in Direct Blue degradation due to their hierarchical struc-
ture and lower bandgap energy.(*'”] Finally, flower-like TiO, struc-
tures with high rutile content enhance methylene blue degrada-

Adv. Sustainable Syst. 2024, 8, 2400483 2400483 (25 of 41)

tion by improving charge separation and reducing electron-hole
recombination.>'®] This study reveals that irregularly shaped 2D-
MO NPs (Figure 10h), with their asymmetric surfaces, excel in
pollutant degradation due to their larger surface area, enhanced
light scattering, and better charge carrier separation, which col-
lectively reduce electron-hole recombination. Conversely, 2D-
MO NCs, as depicted in Figure 10i, with regular shapes, partic-
ularly spherical ones, show superior performance by facilitating
efficient charge transfer, providing structural stability, and ensur-
ing uniform light absorption, which boosts their overall effective-
ness. In contrast, rod-shaped composites exhibit the poorest per-
formance, likely because of the challenges in light penetration
and uneven charge transport, resulting in higher recombination
rates.

4.3. Light Source

Photocatalytic processes depend on light energy to generate
electron—hole pairs within a photocatalytic material’s conduction
and valence bands. This occurs when photons with energy equal
to or greater than the material’s bandgap are absorbed.[319320] The
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Figure 10. a,b) Shape-dependent photocatalytic activity and crystal structure of Cu,O: crystal models of the [99] and [110] facets. Reproduced with

permission.l3%! Copyright 2023, Elsevier. c) Photocatalytic activity of various shaped Fe,O; nanoparticles. Reproduced with permission.31 Copyright

2023, Elsevier. d) Kinetic analysis of RhB photodegradation: Rate constant (k) determination using WO; nanoarchitectures and their physical properties,
and e) schematic illustration of shape influence on WO; nanostructures’ photocatalytic activity. Reproduced with permission.3] Copyright 2015,

Elsevier. f) Diagram showing dominant facets on the surfaces of NPs with different shapes, and g) plot of rate constants versus (100)/(002) intensity
ratio. Reproduced with permission.[318] Copyright 2009, American Chemical Society. h,i) Shape-dependent photocatalytic activity of 169 2D-metal oxide

nanoparticles (NPs) and nanocrystals (NCs).

choice of a light source is crucial in photocatalysis as it deter-
mines the wavelength and intensity of light that interacts with
the photocatalyst, thus significantly affecting its performance.
UV light is often favored owing to its high energy and the effi-
cient activation of various photocatalysts. Additionally, solar light,
which includes a broad spectrum of UV (5%), visible (45%), and
infrared light (50%), is precious due to its resemblance to natu-
ral sunlight and practical usability.**!322] In their experimental
studies conducted under UV and solar light, Othman et al. chose
ratios of 2.5:1 and 20:1 for the photocatalyst to methylene blue
and Rhodamine B, respectively. It is worth noting that despite us-
ing a significantly more significant amount of photocatalyst, the

Adv. Sustainable Syst. 2024, 8, 2400483
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reaction rate was slower in the solar light experiments compared
to the UV light experiments, as shown in Figure 11a,b.'%%] Two
main factors contribute to this phenomenon. The configuration
used in UV light experiments enables more efficient light capture
than those utilizing a solar simulator, and the synthesized cata-
lysts show stronger absorption in the UV spectrum than in the
visible range.’?3] Similarly, the investigation conducted by Sim-
sek et al. demonstrated the effectiveness of rGO/TiO,/ZnO in de-
composing bisphenol A, Ibuprofen, and flurbiprofen under both
UV-A and visible light. The apparent rate constant (k.

app

© 2024 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH

) values
range from 5.286 X 1072 t0 9.356 x 1072 min~!. It is worth not-
ing that the performance is slightly superior under UV-A light, as
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Figure 11. Comparative kinetic trends of methylene blue and Rhodamine B photodegradation under a) UV and b) solar light using AgNPs/TiO, /Ti; C,T,.
Reproduced with permission.l'28] Copyright 2021, ACS. c) Effect of light sources and intensity on the photoremoval of ibuprofen using TiO,~rGO/SOFs
composites and d) influence of light conditions on atenolol photoremoval with TiO,~GO nanostructures. Reproduced with permission.[230324] Copyright

2017, Elsevier.

higher k,,, values are observed for the degradation of ibuprofen
and flurbiprofen compared to visible light irradiation.'**] In their
study, Lin et al. observed a significant enhancement in removing
ibuprofen when exposed to high-intensity UV light conditions
(Figure 11¢).324 In addition, Bhatia et al. reported a considerable
increase in the photodegradation of atenolol with higher light
intensity (Figure 11d).[2°%) In this study, the materials that per-
formed in the “excellent” category, UV light sources, played a sig-
nificant role in driving these catalytic reactions. Table 6 shows
that 67% of the composites worked better under UV, 29% under
visible, and 4% under sunlight.

4.4. Loading, Composition, and Intermediates
The functional groups and the abundance of both species influ-

ence the interaction between a pollutant molecule and a photo-
catalyst. The specific type of the pollutant determines the opti-

Adv. Sustainable Syst. 2024, 8, 2400483 2400483 (27 of 41)

mal concentration. Higher pollutant concentrations can hinder
the degradation efficiency by competing for active sites. Further-
more, elevated pollutant concentrations can impede photocataly-
sis by absorbing a more significant amount of light, thereby lim-
iting the penetration of photons to the catalyst surface. Conse-
quently, the presence of free radicals, crucial for degrading dye
molecules, is reduced.** The presence of metal ions in dye so-
lutions significantly impacts the performance of photocatalysts.
The efficiency of dye treatment depends on the specific struc-
tural characteristics of the dye, as outlined in Table 7. This vari-
ability is influenced by the ionic nature of the dye molecules,
which directly affects the adsorption of metal ions onto the sur-
face of the photocatalyst. As a result, the charge of the photo-
catalyst is modified, leading to changes in the interaction be-
tween the dye molecules and the catalyst surface. Ultimately,
this modification affects the catalyst’s capacity to enhance or hin-
der the degradation of the dye.l*3%] Furthermore, these vari-
ations in degradation rates can likely be ascribed to how they

© 2024 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH
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Table 7. Variation in dye treatment efficiency based on dye characteristics by CoFe,0,~GR nanostructure.

Pollutants Structure Removal efficiency Kinetic Rxn rate QY Energy consumption FOM Refs.
[%]

Rhodamine B CgH3,CIN, O, 94 39 13%x 1077 510 1.96 [139]

Methyl orange Cy4H14N3;NaO;S 71 43 1.4 % 1077 461 2.17

Active black CeoH177NgOgRUS; 66 13 4x1078 1503 0.67

Active red CygH14N;Na, O3S, 61 20 7% 1078 1009 0.99

Methylene blue CigH1gN;SCl 100 63 2.1x 1077 320 3.13

interact with metal nanoparticles. Methylene blue, renowned for
its core composed of nitrogen and sulfur atoms, exhibits a no-
table affinity toward metals. Conversely, Rhodamine B tends to
adhere to metal surfaces and carbon materials owing to the exis-
tence of its carboxylic and amino groups.!’?®3?”] Othman et al.
highlighted the augmented negative charge density of MXene
composites in an aqueous solution, thereby enhancing the ef-
fective uptake of cationic dyes such as methylene blue. In con-
trast, both positive and negative charges in the structure of Rho-
damine B may lead to less robust electrostatic interactions with
MXene composites.!'?8] Moreover, the research findings suggest
that the degradation of these dyes leads to the formation of inter-
mediate compounds. In the case of methylene blue dye, the in-
termediate compounds produced include azure A, azure B, azure
C, and thionin. Similarly, Rhodamine B dye generates ethane-
dioic acid, 1,2-benzenedicarboxylic acid, 4-hydroxybenzoic acid,
and benzoic acid as intermediate products. These intermediate
substances then compete with the initial dyes for binding sites
on the surface of the photocatalyst.[32$32%1 Figure 12 shows that
2D-MO NPs perform better than 2D-MO NCs in all scenarios.
Also, the graph indicates that these composites excel at remov-
ing smaller pollutants such as formaldehyde, dichloroacetic acid,
phenol, salicylic acid, aniline, and bisphenol. Conversely, dyes
and antibiotics, which are larger and more complex, are more
difficult to remove, with antibiotics being the most challenging.

4.5. Impact and Dynamics of Catalysts on Adsorption

The photocatalyst concentration in a wastewater suspension sig-
nificantly impacts the reaction rate and dye degradation effi-
ciency. Balarabe et al. conducted experiments using different
concentrations (0.05, 0.15, 0.25, 0.5, and 0.75 ppm) of rGO-
modified Ag@ZnO nanocomposite. The results showed that
higher catalyst concentrations resulted in increased methylene
blue removal.3>] The drop-in removal rate at higher composite
concentrations is attributed to increased turbidity, resulting in
more significant light scattering and reduced penetration into
the reaction mixture. Higher photocatalyst loading accelerates
dye molecule degradation by generating additional electron—
hole pairs. However, excessively high concentrations may induce
nanoparticle coagulation, leading to decreased surface area and
hindrance of the process.['**?7° Furthermore, degradation’s ef-
ficacy relies on the catalyst surface’s adsorptive capacity toward
dye molecules, governed by electrostatic interactions and binding
affinity. Maintaining a moderate level of adsorption is crucial to
maximize the synergistic effects between adsorption and photo-
catalysis, thereby optimizing the degradation process. Compos-
ite materials possessing favorable adsorptive properties exploit
this interaction, enabling the concurrent adsorption and degra-
dation of dye molecules.[**! For example, graphene nanocom-
posites demonstrate remarkable adsorption capabilities due to

2D-MO NCs 33% i 8% E
2D-MO NPs 42% Y
2D-MO NCs — 36% »—E
2D-MO NPs 29% i 21% HE
2D-MO NCs i 31% Fg
2D-MO NPs H— 31% S md
Others 38% —4%

Antibiotics —— 29% 4

Dye i 31% HH

|
0 20 40 60 80 100
Poor Fair

I Good W Excellent

1. Others pollutants 3. Dyes
2. Antibiotics 4. Average

Figure 12. Comparison of 2D-MO NPs and NCs in removing small versus large pollutants.
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Figure 13. a,b) Proportion of total removal attributed to methylene blue and Congo red adsorption by respectively rGO/MoS,. Reproduced with
permission.1333] Copyright 2017, Elsevier. BigqLag ;FeqgoMng 19003. Reproduced with permission.!?#6] Copyright 2019, ACS Omega. c) pHpyc deter-
mination technique using the pH drift method. Reproduced under the terms of the CC-BY license.[*3°] Copyright 2020, The Authors, published by MDPI.
d) RhB degradation rates of MoS, photocatalyst produced under different pH values. Reproduced with permission.3*1 Copyright 2017, Elsevier.

residual oxygen functional groups and defect vacancies.>*!] The
study conducted by Anwer and Park demonstrated that the
nanocomposite consisting of rGO/ZrO,/Ag,PO, exhibited the
capability to remove x50% of 4-nitrophenol through the pro-
cess of adsorption. Moreover, including rGO in the ZrO, /Ag,PO,
composite led to a notable improvement of 16% in the adsorp-
tion efficiency.®®] Yuan et al. conducted a study demonstrat-
ing the superior adsorption efficiency of reduced graphene oxide
when combined with MoS, (Figure 13a),1>*3] which showed an ad-
sorption rate of 80% for methylene blue. Similarly, MXene was
also highly effective in reducing the concentration of Congo red,
achieving a reduction of %#93% even without exposure to light.
Figure 13b illustrates emphasizes the efficacy of MXene as an ad-
sorbent in photocatalysis.!**®] Hence, the absence of adsorption
data in some cases suggests it may not always be necessary for
material performance. Photodegradation results are influenced
by the wide range of composite adsorption, which varies between
0% and 93%. While surface adsorption of dyes is crucial for dye

Adv. Sustainable Syst. 2024, 8, 2400483 2400483 (29 of 41)

degradation in photocatalysis, excessive concentration can have
negative consequences. Beyond a specific concentration, it hin-
ders the accessibility of photons to active sites on the surface.
Moreover, dye molecules can act as sensitizers, absorbing and
deflecting electrons in unfavorable directions.!>*]

4.6. Effect of pH

pH plays a complex role in the photocatalytic degradation of or-
ganic pollutants, as different dyes impact the reaction uniquely.
To maximize degradation efficiency, it is essential to determine
the optimal pH for each system.’**] The degradation of dyes is
significantly influenced by the pH of the solution, with the pollu-
tant’s point of zero charges (pH,,) playing a critical role in deter-
mining the outcome.>’%! Below the pH,,, the surface of the pol-
lutant becomes positively charged, facilitating its interaction with
anionic dyes. Beyond this limit, the surface charge is reversed.!*¢!
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Figure 14. a,b) Temperature optimization for tartrazine degradation with response surface methodology. Reproduced with permission.[3*3] Copyright
2017, Elsevier. c) XRD patterns of FM/A-x% (x: 3-7%, M: MoS,, F: Fe;0,4, A: Ag3PO,), and d,e) effect of Ag;PO,-loaded content on the degradation
of Congo red and Rhodamine B, respectively. Reproduced with permission.[214] Copyright 2016, Elsevier. f,g) Efficiency of MB and IMD removal on

thin films under different light conditions and the corresponding AFM images showing the composites roughness. Reproduced with permission.

Copyright 2021, Elsevier.

Balarabe et al. determined that the PH,,c of Ag@ZnO@1GO is
~8, resulting in a positive surface charge. At pH values below 8,
the presence of reduced H;O" ions enhances the adsorption of
MB. Conversely, at pH values above 8, the increased concentra-
tion of OH ™ ions decreases it. The optimal pH for MB adsorption
was identified as 10.1*°] The study conducted by Mzimela et al.
examined the pH-dependent adsorption and photodegradation
mechanisms of Rhodamine B.[3*”] The pH,, on a catalyst sur-
face can be determined using various techniques, including mass
titration, potentiometric titration, immersion technique, and pH
drift method.**®! Among them, the pH drift method is widely
used and considered reliable based on previous research. In the
pH drift method, the pH of a NaCl solution is adjusted from pH
2 to 11 using either NaOH or HCI. A specific volume of this so-
lution is then mixed with a predetermined amount of the mate-
rial in Erlenmeyer flasks. The flasks are sealed and agitated for
4 h at 150 rpm. The final pH (pHf) is recorded, and the differ-
ence between the initial (pHi) and final pH values (ApH = pHi
— pHI) is plotted against pHi to determine the pHy,, as shown
in Figure 13c.3393%1 Subsequently, the pH level is considered a
crucial factor in determining the morphology of the nanocom-
posites. For instance, Wang et al. conducted a study to examine
this correlation and found that a decrease in pH led to a reduction
in the size of MoS, microflowers. This alteration significantly im-
pacted the degradation of RhB, as depicted in Figure 13d of their
research.3*!]

4.7. Other Parameters

Temperature has a significant impact on the degradation of
dyes in photocatalytic processes. As the temperature increases,
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various factors are affected, such as the solubility and mobil-
ity of dye molecules and the interaction with adsorbents.[>*?]
Soufi et al. conducted a study to examine the effect of tem-
perature on the efficiency of tartrazine degradation. They ap-
plied response surface methodology with a Box-Behnken de-
sign to create and confirm a quadratic model. This optimiza-
tion process revealed that the most effective degradation oc-
curred at a temperature of 49.92 °C (Figure 14a,b).?*! In ad-
dition, the catalyst loading composition has an impact on the
properties of the nanostructure.?*] Tt is crucial to determine
the optimal loading, as it directly affects the enhancement of
photocatalytic activity and ensures efficient degradation of pol-
lutants. The X-ray diffraction analysis of Fe;O, @MoS,/Ag,PO,
nanocomposites (Figure 14c) revealed distinct peaks correspond-
ing to Ag;PO,, Fe;0,, and MoS,. The photocatalytic performance
improved with increasing Ag, PO, content by up to 6%. However,
further increments reduced efficiency due to challenges separat-
ing electron-hole pairs (Figure 14d,e).*’*] Tismanar et al. esti-
mate that a higher GO content (1.4%w) in the composites led
to increased crystallinity, improving charge carrier mobility and
reducing electron-hole recombination.[??) However, Mzimela
et al. present an alternative perspective, emphasizing the im-
portance of temperature optimization in promoting the process
of photocatalytic degradation. In their investigation of the pho-
todegradation of Rhodamine B at various temperatures (300, 500,
and 700 °C), they found that the most efficient removal of the dye
(78.4%) was achieved at 300 °C, with only limited photodegrada-
tion observed at higher temperatures.(**”] Although higher crys-
tallinity is typically linked to better photocatalytic performance,
exceeding a specific limit can reduce effectiveness.**) In ad-
dition, the photocatalytic efficiency of the composite is closely
related to its surface roughness. For instance, TiO,—-GO films
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Figure 15. Exploring contact interfaces between rGO/GO and WO;: formation mechanisms of a) bare WO;, b) 1.2% WO;@rGO, c) WO;/GO,
WO, /rGO, and HyWO;/GO, d) hierarchical structures of WO; wrapped by rGO or GO (l) and 3D wrapped WO; by rGO (II), and e-g) photocat-
alytic removal of Rhodamine B by various composites. Reproduced with permission.l'83] Copyright 2016, Elsevier. Photocatalytic degradation of h)
sulfamethoxazole, i) clarithromycin, and j) erythromycin. Reproduced with permission.[231l Copyright 2018, Elsevier.

with a higher GO content (1.4%w) develop rougher surfaces,
with roughness values ranging from 82.0 to 313.1 nm. This in-
creased roughness enhances the films’ ability to adsorb pollu-
tants like methylene blue (MB) and imidacloprid (IMD), result-
ing in better removal efficiency under UV and visible light. Con-
versely, films with a lower GO content (0.25%w) have smoother
surfaces, leading to less effective pollutant removal, as shown
in Figure 14f,g.[2%) Similarly, integrating TiO, nanoparticles in
the MXene-PVA-TiO, @ PVDF membrane boosts its roughness,

Adv. Sustainable Syst. 2024, 8, 2400483 2400483 (31 of 41)

producing better photocatalytic performance.[**] Likewise, the
NiO-MoS, @PANTI film sees a rise in photocatalytic activity at-
tributed to the added reaction sites generated by increased sur-
face roughness.[?®!

The synthesis method is also a crucial factor that can sig-
nificantly impact efficiency. Li et al. conducted a study to
investigate the influence of different synthesis methods on
the pollutant removal efficiency of graphene-based composite
materials. Four types of graphene-based composites, namely,
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Table 8. Different heterojunction mechanisms in photocatalysis using 2D nanomaterials.
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Table 9. Different modified heterojunction mechanisms in photocatalysis using 2D nanomaterials.
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WO,/GO, HyWO, /GO, WO,/ GO, and WO, @ GO, were exam-
ined. These composites were synthesized using simple mixing,
hydrothermal, chemical reduction, and one-step hydrothermal
reaction techniques. WO, @GO demonstrated the highest effi-
ciency in degrading Rhodamine B (Figure 15e-g). It is important
to note that conventional methods of preparing graphene com-
posites may not fully exploit the advantages of reduced graphene
oxide.l?*63*] Encapsulating WO, microspheres or nanoflowers
with rGO or GO has limitations (Types I-III in Figure 15a—c).
However, WO, @rGO composites (Type IV in Figure 15d) have
been found to enhance electron transfer and reduce recombina-
tion, thereby promoting closer contact between components.!163]
In a study by Karaolia et al., hydrothermal (HD) and photocat-
alytic (PH) treatments were compared for synthesizing TiO,—
rGO composites. It was discovered that TiO,~rGO-PH was more
effective in degrading antibiotics such as sulfamethoxazole, clar-
ithromycin, and erythromycin, as shown in Figure 15h—j. This
was attributed to the increased presence of active sites and im-
proved electron transfer.23!l The results in Table 6 indicate that
65% of the well-performing composites were produced using hy-
drothermal or hydrothermal-assisted methods, making these the
most utilized techniques. Ribao et al., in their study on the re-
moval of dichloroacetic acid using GO/TiO, nanocomposites un-
der visible light, suggest that the hydrothermal method allows for
more effective coupling, resulting in improved structural proper-
ties that could enhance photocatalytic performance.34¥!

5. Photodegradation Mechanisms of Organic
Pollutants by 2D Materials

Understanding the complex processes involved in the photo-
catalytic removal of organic pollutants is essential for improv-
ing environmental remediation efforts and creating more pre-
cise and sustainable pollution control methods. Scavengers are
crucial in studying intricate mechanisms involved in photocat-
alytic degradation processes. In various studies involving dif-
ferent photocatalysts and nanocomposites, researchers have uti-
lized scavengers such as ethylenediaminetetraacetic acid, iso-
propanol, benzoquinone, oxalic acid, ammonium oxalate, potas-
sium dichromate (K,Cr,0,), and others. These scavengers are se-
lectively chosen to target and neutralize specific reactive species,
including hydroxyl radicals (HO®), superoxide radicals (O,°),
sulfate radicals (SO,°7), holes (h+), electrons (ecy), and singlet
oxygen (10,). By observing the impact of scavenger addition on
the degradation rates of target pollutants or dyes, researchers
gain insights into the roles played by different reactive species
in driving photocatalytic degradation processes.[1*7-218:289] Taple 6
outlines the reactive species that play a crucial role in enhanc-
ing the performance of these composites. Several classifications
have been proposed in the field of degradation mechanisms
in 2D materials, each providing valuable insights into different
processes and interactions. These classifications include simple
charge transfer, Type I heterojunctions, Type II heterojunctions,
diode junctions, and Z-scheme heterojunctions. Understanding
these mechanisms is essential for interpreting the intricate path-
ways by which 2D-metal oxides operate. Table 8 presents a range
of heterojunction mechanisms proposed for choosing compos-
ites made of 2D metal oxides.
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® In Type I heterojunction scenarios, semiconductor 1 has
higher valence band (VB) and conduction band (CB) posi-
tions. The process involves a distinct photocatalytic mecha-
nism where holes and photogenerated electrons from the VB
and CB of semiconductor 1 (S1) are transferred to semicon-
ductor 2, leading to efficient charge carrier separation.**) The
studies in Table 8 focus on Type I heterojunction pathways for
the degradation of photocatalytic pollutants, each utilizing spe-
cific materials and configurations. Sree et al. use metal oxide—
rGO composites to generate radicals through electron excita-
tion. Alsafari et al. emphasize the creation of hole reservoirs
using CuFe, 0, /Ti,; C, to form hydroxyl radicals. Liu et al. high-
light interfacial charge transfer using CDs-MoS,-H-TiO, for
enhanced degradation. Despite variations, they all prioritize
charge separation, radical generation, and light absorption for
effective photocatalysis.[210:273:2]

® In Type II heterojunctions, electrons transition to lower en-
ergy levels within the conduction band upon excitation. At the
same time, holes move to lower potentials in the valence band
within a semiconductor with a different bandgap. The internal
electric field plays a crucial role in enhancing the separation
and mobility of photogenerated charge carriers.[**° Analysis
of Table 8 reveals that all Type II heterojunctions emphasize
the importance of synergistic effects resulting from interfa-
cial contact. However, they vary in terms of the combinations
of semiconductors and mechanisms involved. Di et al. high-
light the synergy between MoS, and BiOBr for charge trans-
fer, Xu et al. discuss BiOBr/TiO, /Ti,C,T, composites, focus-
ing on the wider bandgap of TiO, and the role of Ti,C,T,.
On the other hand, Wang et al. explore BiVO,/BiPO, het-
erojunctions with an emphasis on the influence of graphene
OXide.[154'194’272]

e In the field of Z-scheme heterojunctions, researchers ex-
plore two different approaches: mediator-free and mediated
schemes.[?®] These schemes involve the integration of elec-
trons from the lower conduction band of semiconductor 2
with the valence band of semiconductor 1. Plasmonic metals,
such as Ag and Au, well-known for their exceptional electrical
conductivity, are commonly used as electron mediators to fa-
cilitate the formation of the Z-scheme.[?°23%] Importantly, Lu
et al. highlight the enhanced removal process in a Z-scheme
g-C;N, /rGO/WO, composite, where rGO serves as the driving
force (Table 8).126¢1

® A diode junction, whether a p-n heterojunction or a Schottky
junction (Table 8), refers to the interface between two semi-
conductor materials. Typically, one material is p-type while
the other is n-type. When an external electric field is ap-
plied, these junctions separate and direct charge carriers (elec-
trons and holes) to flow in a preferred direction. The mech-
anisms outlined in the section on diode junctions present
various strategies for enhancing the degradation of photo-
catalytic dyes. These strategies include scavenging photoex-
cited electrons in Cu,0-rGO,!"®) promoting efficient carrier
transfer in Ag;PO,/Ti,C,,["*!] and the contribution of specific
reactive species in MoS,/BiOBr photocatalysts.[?!l Addition-
ally, the discussion covers surface plasmon resonance-induced
electron transfer in Au@TiO,~GR,[?*% spatial separation of
electron-hole pairs in (001) TiO, /Ti,C, 88 and the synergistic
effects of graphene with MoS, or ZnO.[137:300]
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Several integrated techniques have been developed to enhance
the photocatalytic degradation of organic pollutants by incorpo-
rating multiple mechanisms, as summarized in Table 9. For in-
stance, one practical approach is using nanocomposites based
on BiVO,/TiO, /rGO, employing a modified heterojunction type
II strategy. The addition of rGO serves various purposes, such
as facilitating electron transfer, minimizing charge recombina-
tion, and optimizing pollutant removal.3>!! In another study,
Kang et al. introduced dual Z-scheme MoS, /g-C,N,/Bi,,05,Cl,,
ternary heterojunction photocatalysts to enhance the visible light
photodegradation of antibiotics. This configuration significantly
improves the efficiency of the photocatalytic process, especially
under visible light irradiation.?*?! Additionally, Shao et al. devel-
oped an innovative approach that integrates black phosphorus
nanosheets into MXene. This modification enhances visible light
photocatalytic activity by employing a modified diode junction
mechanism. The strategic modification improves the generation
and separation of charge carriers, resulting in enhanced pho-
tocatalytic performance.>’] The study investigated the complex
interplay between metal oxide nanoparticles, graphene, MXene,
and MoS,. The results unveiled a prominent mechanism of di-
rect charge transfer from metal oxide nanoparticles to graphene.
In contrast, MXene composites strongly tended to form Schot-
tky junctions, significantly impacting the composite structures’
electronic and optical properties. Moreover, the present study em-
phasized the prevalence of heterojunction type II and Z-scheme
mechanisms in MoS, composites, demonstrating the diverse and
effective separation and utilization of charge carriers.

6. Conclusion and Perspective

Despite advancements in developing regular morphology metal
oxides supported on 2D materials, the efficiency of these metal
oxide composites is still not as effective as desired. The study
underscores the importance of operational parameters in pho-
tocatalytic processes, focusing on the interaction between 2D
materials and critical variables. It reveals that the nanoparticle
composition is crucial in influencing performance metrics, es-
pecially within composite structures. A comprehensive analysis
highlighted the benefits of hydrothermal synthesis as a method
for precise control of reaction parameters. This technique en-
sures consistent size, crystallinity, and the desired morphology
of metal oxides, enhancing photocatalytic efficiency in removing
organic pollutants with 2D-metal oxide nanostructures. Addition-
ally, this synthesis approach yields exceptionally pure products.
Although it is time-consuming, lasting up to 24 h, it is relatively
simple and offers superior reproducibility compared to alterna-
tive methods.

Efforts to improve efficiency in light-harvesting also face var-
ious challenges. Despite extensive research on 2D-metal oxide
composites and light source optimization, significant advance-
ments have not been achieved. The complex properties of these
composites hinder the attainment of optimal configurations. Fur-
thermore, limitations in light energy conversion and the re-
stricted range of available light sources impede the overall per-
formance of the system. To overcome these challenges, inno-
vative strategies are necessary to expand the spectrum of light
sources, thereby enabling efficiency improvements. Additionally,
the development of high-capacity adsorbent materials with ef-
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fective pollutant capture and degradation capabilities presents a
promising solution to these obstacles.

Despite efforts to enhance the performance of 2D-metal
oxide nanocomposites by combining multiple catalysts, most
composites have not met the desired standards, indicat-
ing a need for further research and development. Excep-
tions are noted in Table 6, including successful configura-
tions such as BiOI/Fe;0,@GO,[**l AgNPs/TiO,/Ti,C,T, /1%
CoO@Ti0,/Ti,C, T, and Bi,S;/MoS,/Ti0,.'¥] In contrast,
the superior efficiency of 2D-metal oxide nanoparticles in pol-
lutant removal is likely due to their unique morphology, exten-
sive surface area, heightened reactivity, and improved disper-
sion, enhancing their interaction and removal of organic pol-
lutants. The graphene configuration has been proven to be su-
perior as compared to alternatives. Incorporating graphene en-
hances photocatalytic efficiency by improving light absorption
and dye degradation. The remarkable efficiency of the compos-
ites presented in Table 6 is likely due to the inclusion of titanium
dioxide (TiO,). TiO, nanoparticles offer key advantages such as
a high surface area, stability, and, particularly, effectiveness in
light capture. When integrated with graphene, MoS,, and MX-
ene, which enhances electrical conductivity and adds structural
support, TiO, helps create a composite that significantly boosts
the performance of light-harvesting systems.

The translation of laboratory research into practical applica-
tions is significantly impacted by the development of multi-
functional materials. To achieve this, the development of high-
performance materials and a comprehensive investigation of
degradation mechanisms are essential. The adoption of tailored
design strategies to enhance the effectiveness of metal oxide
nanocomposites is crucial. However, there are notable challenges
that must be overcome in this pursuit. Overcoming these obsta-
cles is imperative for the successful implementation of environ-
mental remediation techniques, emphasizing the significance of
2D material-metal oxide composites. These hybrid materials ex-
hibit immense potential in addressing environmental concerns
and advancing global sustainability.
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