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Abstract: Environmental pollution poses a pressing global challenge, demanding innovative solutions
for effective pollutant removal. Photocatalysts, particularly titanium dioxide (TiO2), are renowned
for their catalytic prowess; however, they often require ultraviolet light for activation. Researchers
had turned to doping with metals and non-metals to extend their utility into the visible spectrum.
While this approach shows promise, it also presents challenges such as material stability and dopant
leaching. Co-doping, involving both metals and non-metals, has emerged as a viable strategy to
mitigate these limitations. Inthe fieldof adsorbents, carbon-based materials doped with nitrogen
are gaining attention for their improved adsorption capabilities and CO2/N2 selectivity. Nitrogen
doping enhances surface area and fosters interactions between acidic CO2 molecules and basic
nitrogen functionalities. The optimal combination of an ultramicroporous surface area and specific
nitrogen functional groups is key to achievehigh CO2 uptake values and selectivity. The integration
of photocatalysis and adsorption processes in doped materials has shown synergistic pollutant
removal efficiency. Various synthesis methods, including sol–gel, co-precipitation, and hydrothermal
approaches had been employed to create hybrid units of doped photocatalysts and adsorbents. While
progress has been made in enhancing the performance of doped materials at the laboratory scale,
challenges persist in transitioning these technologies to large-scale industrial applications. Rigorous
studies are needed to investigate the impact of doping on material structure and stability, optimize
process parameters, and assess performance in real-world industrial reactors. These advancements are
promising foraddressing environmental pollution challenges, promoting sustainability, and paving
the way for a cleaner and healthier future. This manuscript provides a comprehensive overview of
recent developments in doping strategies for photocatalysts and adsorbents, offering insights into the
potential of these materials to revolutionize environmental remediation technologies.

Keywords: photocatalysts; adsorbents; doping; environmental remediation; pollution; co-doping; metal
doping; non-metal doping; carbon-based adsorbents; nitrogen doping; visible light photocatalysis;
pollutant removal; sustainability; industrial applications

1. Introduction

Metal oxide-based semiconductors play a pivotal role as photocatalysts, offering a
versatile solution for various environmental and energy-related challenges. However, the
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intrinsic properties of these materials, such as their wide bandgap, had traditionally con-
fined their utility to the ultraviolet (UV) region, limiting their efficiency in utilizing visible
light. To bridge this gap, diverse strategies had been developed to harness the potential
of metal oxide photocatalysts in the visible wavelength range to enhance photostability,
environmental compatibility, and overall photoresponse efficiency [1,2].

One of the most promising techniques in this endeavour is the incorporation of
nanoscale metal oxide particles, which significantly amplify the surface-to-volume ratio,
thereby augmenting the available active sites for catalytic reactions. Among these strategies,
the deliberate doping of photocatalysts with nanoparticles emerges as a highly effective
approach for enhancing photoresponse efficiency. In this context, doping refers to the
deliberate introduction of impurities, whether cationic or anionic, into a material to induce
specific alterations in its properties. This technique had demonstrated remarkable poten-
tial in modifying the electronic structure of photocatalysts, consequently reducing their
bandgap and extending their photoactivity into the visible spectrum [3].

Transition metals, including iron, manganese, copper, and nickel, and their respective
oxides had been favoured choices for doping photocatalysts like TiO2. This process had
proven to be instrumental in enhancing photocatalytic efficiency under visible light irradi-
ation by narrowing the bandgap of these catalysts [4]. However, while single-doping of
TiO2 nanocatalysts had shown promising results in improving photocatalytic efficiency, the
co-doping approach with multiple transition metals can sometimes yield unfavourable out-
comes due to the intricate interplay between electron–hole recombination and nanoparticle
shielding effects.

In recent years, the utilization of non-metal dopants, such as nitrogen, carbon, fluorine,
sulphur, and iodine, had gained prominence as an alternative doping strategy. These
non-metals offer advantages, including the enhanced thermal stability of the resulting
catalyst and improved performance in visible light, primarily attributed to a significant
reduction in the bandgap and the suppression of electron–hole recombination processes [5].

Concurrently, adsorbents for dye removal and water treatment had witnessed a surge
in the utilization of nanomaterials. These materials, encompassing polymers, carbon
nanotubes, carbon nanoparticles, metals, and metal oxides, offer a substantial surface area,
short intraparticle diffusion distances, multiple sorption sites, and tuneable pore sizes,
making them highly effective adsorbents. Recent advancements had seen nano sorbents
modifiedthrough techniques such as coating and doping to enhance their adsorption
capacities [6,7].

Specifically, the introduction of alkali dopants and rare earth materials such as doping
agents has proven efficacious in tailoring the adsorption properties of nanosorbents, thereby
enhancing their performance.

In this paper, we embark on a comprehensive exploration of the intricate process of
doping adsorbents and photocatalysts. Our objectives are as follows:

â To provide an extensive review of the methodologies employed in the synthesis of
doped photocatalysts and adsorbents, encompassing the utilization of metals, metal
oxides, and non-metals.

â To examine the diverse applications of doped systems, shedding light on the sub-
stantial efficiency improvements realized in doped catalysts and adsorbents when
compared to their undoped counterparts.

â To scrutinize the influence of dopants on the performance of integrated adsorbent-
photocatalytic units, uncovering the synergistic effects and benefits conferred by doping.

â To identify and discuss the existing limitations inherent to doping processes and
propose potential strategies to overcome these limitations.

With this comprehensive overview, we aim to contribute to the broader understanding
of the pivotal role played by doping in advancing the field of environmental remediation
and sustainable technologies.
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2. Doping of Photocatalysts with Nanoparticles

A series of key steps govern the process of photocatalysis. It commences with the absorp-
tion of photons by the catalyst, triggering the excitation of electrons, which then migrate from
the valence to the conduction band. This results in the formation of electron–hole pairs, which
were subsequently transported to the surface of the semiconductor catalyst. Once on the surface,
a sequence of oxidation and reduction reactions takes place, generating highly reactive oxidizing
species that react with adsorbed impurities, effectively decomposing them [8].

However, a significant challenge arises when using metal oxide photocatalysts like titanium
dioxide (TiO2). These materials possess a relatively wide bandgap of 3.2 eV, requiring ultraviolet
(UV) radiation for activation. Unfortunately, UV radiation accounts for only a small fraction
(5%) of the total solar energy, while visible radiation comprises a substantial portion (45%).
Various strategies had been explored to harness the more abundant visible light, and one
promising avenue involves doping photocatalysts with metal and non-metal nanoparticles. This
approach offers several advantages, including enhanced light absorption, improved efficiency
in separating and transferring charges, and heightened photocatalytic activity [9].

Nanoparticle doping also provides an opportunity to exert precise control over critical
parameters such as particle size, shape, and distribution within the photocatalyst matrix.
Additionally, it significantly increases the surface area-to-volume ratio, providing more
active sites for catalytic reactions and thus enhancing overall catalytic activity [9].

The effects of nanoparticle doping are vividly illustrated in Figure 1, where it is evident
that this process reduces the band gap of the photocatalyst and improves its performance.
Typically, the stages involved in the nanoparticle doping of photocatalysts include the synthe-
sis of nanoparticle dopants and their subsequent incorporation into the photocatalyst matrix.
Transition metals, with their unfilled d-electron structure, play a pivotal role in facilitating the
transfer of electrons from the 3d orbital of the dopant material to the conduction band of TiO2.
This enables the accommodation of a greater number of photogenerated electrons and holes,
effectively shifting TiO2′s response towards visible wavelengths [8–10].
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Among the metal oxides used as photocatalysts, titanium dioxide (TiO2), zinc oxide
(ZnO), tin dioxide (SnO2), and cerium dioxide (CeO2) were preferred due to their har-
monious combination of electronic structure, light absorption capacity, charge transport
characteristics, and durability. Moreover, additional metal oxides, including barium ti-
tanate (BaTiO3), strontium titanate (SrTiO3), sodium tantalate (NaTaO3), barium tantalate
(BaTaO3), sodium niobate (NaNbO3), hafnium dioxide (HfO2), and zinc ferrite (ZnFe2O4),
had shown excellent progressas photocatalysts [9].

2.1. Doping with Metal and Metal Oxides

Doping with metals and metal oxides is a pivotal strategy used in photocatalysis to
boost the performance of photocatalytic materials like titanium dioxide (TiO2). This technique
involves introducing specific types of metals or their oxides into the photocatalyst’s structure,
fundamentally altering its physical and chemical properties [12]. These modifications often
enhance light absorption, charge separation, and overall photocatalytic activity.

A variety of techniques were employed to introduce these metal dopants into photo-
catalytic materials.

2.1.1. Sol–Gel Method

The sol–gel technique is a widely adopted approach. It starts with the creation of a
homogeneous solution containing metal precursors. This solution undergoes a process
called condensation, leading to the formation of a gel. Subsequent drying removes the sol-
vent, yielding metal-doped nanoparticles [13–19]. For example, Neodymium (Nd) doping
in TiO2 nanoparticles was accomplished by mixing solutions of Neodymium (III) acetate
dehydrate in isopropyl alcohol with a titanium isopropoxide solution in alcohol. The
addition of acetic acid and pH adjustment completed the hydrolysis process, resulting in
transparent sols. After aging, thorough washing, centrifugation, drying, and annealing,
Nd-doped TiO2 nanoparticles were produced. This process enhances the photocatalytic
removal of dyes and pollutants under solar light [19]. Similar methods hadbeen applied to
Neodymium doping with variations [17]. Rare earth elements other than Neodymium—
namely, Lanthanum (La), Europium (Eu), and Gadolinium (Gd)—had also been used
for doping TiO2 to improve the photocatalytic performance of TiO2, and the doped pho-
tocatalysts prepared bythesol–gel method were successfully applied for pollutant/dye
removal [20,21]. Apart from TiO2, rare earth element-doped ZnO nanoparticles synthesized
by the sol–gel method had been used extensively in dye degradation [22–25]. In recent
studies, the sol–gel method was employed to synthesize nickel-doped ZnO nanoparticles
to be used as photocatalysts with 94% dye degradation ability [26] and to prepare cerium-
doped ZnO: TiO2 nanocomposite-based photocatalysts for dye degradation and antibiotic
removal [27]. Europium(Eu)-doped nanocomposites of ZnO-SnO2, synthesized by the
sol–gel method, exhibited enhanced dye degradation efficiency due to the formation of
Z-scheme heterojunctions in the presence of the Eu ions [28].

The synergistic enhancement of CO2 photo-reduction and selectivity towards CH4
using bismuth-doped TiO2 had been observed by earlier researchers [29]. A bismuth-based
TiO2 nanocatalyst was prepared by the sol–gel method. Furthermore, photo-deposited
platinum on the catalyst surface had been effectively used as an electron-trapping agent
with the ability to extract the electrons trapped on the surface of TiO2 in a few picoseconds.

TiO2 photocatalysts doped with iron [30] and co-doped with manganese and boron [31]
had been synthesized with enhanced structural and photocatalytic properties using the
sol–gel method for dye removal. Silver-doped TiO2 nanoparticles had been widely used as
photocatalysts due to the following reasons: firstly, their enhanced photocatalytic efficiency
in the visible light induced by the surface plasmon resonance effect; secondly, the creation
of a Schottky barrier at the TiO2 interface to trap electrons from the conduction band and
transfer them to oxygen, thereby preventing electron–hole recombination; and thirdly, the
enhanced antibacterial properties of silver, which were another essential feature for its
selection as a doping agent [8]. Several techniques had been used to synthesize silver-doped
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TiO2 nanoparticles, including sol–gel, hydro/solvothermal, photo-deposition, chemical
reduction, impregnation, and co-precipitation. The sol–gel route had been used to prepare
silver-doped TiO2 nanopowderviadropwise addition of an aqueous solution of silver nitrate
to a mixture of TiO2 in acetic acid, resulting in gel formation. In one instance, the gel was
air dried and annealed to yield the photocatalyst in nanopowder form to be employed for
dye removal [32]. In another instance, silver-loaded TiO2-ZnO thin films were prepared
on glass substrates using thesol–gel method. A TiO2 precursor solution was prepared by
mixing titanium isopropoxide, acetic acid, propanol, and water. ZnO sol was subjected to
48 h of aging before mixing with the TiO2 sol, and doping was achieved by adding a silver
nitrate solution of different concentrations to the mixed sol. The pretreated glass substrates
were dipped in the silver-doped sols, dried, and treated thermally [33].

In a recent study, cerium-doped ZnO/TiO2 nanospheres were synthesized for a pho-
tocatalytic degradation of dye and levofloxacin in visible light where ZnO and TiO2 sols
were initially mixed, followed by addingtheprecursor solution of the dopant cerium and
stirring for 3 h. The addition of NaOH solution to the doped solution was followed by
centrifugation, washing, drying, grinding the precipitate, and sintering them at 500 ◦C for
3h to yield the final photocatalyst [27].

2.1.2. Solvo/Hydrothermal Treatment

Hydrothermal methods were employed to synthesize photocatalysts under high-
temperature and high-pressure conditions in an aqueous environment. This technique
allows for precise control over particle size and structure. Researchers used hydrother-
mal treatment to prepare various doped photocatalysts, including Nd-doped TiO2 [20,21].
Researchers attempted to modify TiO2 by adsorbing photosensitive molecules, such as
hetero-poly(phosphotungstic acid) (HPA), on its surface. Nd-doped TiO2 was prepared
through hydrothermal treatment by adding the dopant neodymium salt to a titanium
isopropoxide solution, followed by distilled water to induce precipitate formation [16]. An-
other recent study used hydrothermal treatment to prepare copper-doped mesoporous TiO2.
A solution of polyvinyl alcohol in boiling water was mixed with titanium isopropoxide in
acetic acid, followed by ultrasonication and calcination. Copper nanoparticles of different
weight percentages were added to prepare the doped photocatalyst [34]. Magnesium-
doped SnO2 nanoparticles with enhanced photocatalytic activity and catalyst reusability
were prepared using a hydrothermal technique [35].

This versatile one-step hydrothermal method creates nanocomposites of metal-doped
titanium oxide–graphene oxide. It involves mixing graphene oxide with metal and titanium
precursors and subjecting the mixture to hydrothermal treatment. This results in composite
powders containing various metal dopants, such as silver, copper, and palladium [36]. A
one-step hydrothermal method had recently been used for preparing iron-doped Bi2O2CO3
photocatalysts with FeOx nanoparticles deposited on the photocatalyst. Here, a combi-
nation of doping and co-catalyst addition was employed to enhance the photocatalytic
degradation ability of Bi2O2CO3 to a maximum value in visible range [37].

2.1.3. Pulsed Laser Ablation in Liquid (PLAL)

PLAL technology offers a novel approach to producing metal-doped nanoparticles.
It involves the laser-induced ablation of a target material submerged in a liquid medium.
The poor solubility of dopants in the photocatalyst matrix was a major factor hindering the
achievement of high photocatalytic activity and can be overcome using plasma-assisted
laser ablation techniques. This method had been utilized to generate Nd-doped ZnO
nanoparticles [38,39], allowing for precise control over dopant incorporation. In the dou-
ble pulse laser ablation technique, a zinc plate serving as the target was added to the
neodymium salt solution, followed by the irradiation of the target with a pulsed laser for
10 nanoseconds, resulting in the formation of plasma near the target. The doped colloidal
nanoparticles were further subjected to laser modifications [38]. In another instance, the
doping efficiency of the solvent during a laser ablation of Gd2O3 with Europium was tested,
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where the doping concentration was found to be proportional to the initial concentration
of the dopant in an aqueous solution over two orders of magnitude. The mechanism of
laser-ablated doping was revealed [39].

2.1.4. Flame Spray Pyrolysis

Flame spray pyrolysis(FSP) is another method employed for preparing metal oxide-
doped photocatalysts. In this process, precursors weredissolved in alcohol and introduced
into a reactor. The combustion of methane and oxygen generates a flame, evaporating
the precursors and forming doped nanoparticles. This technique produces uniform and
well-defined nanoparticles, such as ZnO nanoparticles doped with WO3 [40]. In another
instance, single nozzle-based FSP had been used to synthesise lanthanum-doped perovskite
SrTiO3 for hydrogen production. In contrast, double nozzle FSP was used for creating a
heterojunction between CuO and lanthanum-doped SrTiO3 for the selective photocatalytic
production of CH4 from H2O/CH3OH. In the dual nozzle FSP, two asymmetrically placed
FSP nozzles operate in tandem—the left one used for producing Lanthanum-doped SrTiO3
nanomaterial and the right one for CuO nanoparticles. This was followed by depositing
the nanoparticles and binder on a glass microfiber filter with the aid of a vacuum pump
and scrubbing the nanoparticles from the filter [41].

2.1.5. Chemical Precipitation and Co-Precipitation

The synthesis of tin-doped zinc nanoparticles withthe chemical precipitation method
was carried out by adding potassium hydroxide solution dropwise to anaqueous solution
of tin chloride dihydrate and zinc acetate dihydrate. The purification of white precipitate
followed by air-drying at 100 ◦C for 6 h and annealing at 300 ◦C for 3 h in a muffle
furnace resulted in the final product [42]. In another instance, the co-precipitation method
synthesised iron-doped ZnO nanoparticles [43]. Here, zinc acetate dihydrate, the precursor
of ZnO nanoparticles, and ferric chloride, the precursor of iron, was dissolved in water,
followed by the addition of NaOH solution to maintain an alkaline pH. The mixture was
heated at 85 ◦C for 2 h, cooled, and kept for 24 h. The precipitate obtained was washed,
dried, and annealed at 400 ◦C to obtainthe final product. Recent studies reported green
synthesis methods for synthesizing ZnO/WO3 nanocomposites for the photocatalytic
removal of organic pollutants [44]. A comparative study was conducted between nickel-
doped Co3O4 and bimetal-doped Co3O4 photocatalysts to identify the best combination of
dopants and photocatalysts during visible light dye degradation. The two dopant metals
other than nickel were copper and cadmium. The Cadmium–nickel bi-doped photocatalyst
exhibited the greatest photocatalytic activity of 93% [45].

Figure 2 presents schematic diagrams illustrating the synthesis of metal-doped TiO2
through different routes, showcasing the adaptability and potential of these methods. Metal
and metal oxide doping continue to be at the forefront of research in the field of photocatalysis,
driving innovations and improvements in performance across a wide range of applications.
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Figure 2. (A) Schematic diagram showing the (a) synthesis of cerium-doped TiO2, (b) reduced
graphene oxide, and (c) Cerium-doped TiO2-reduced graphene oxide composite (Copyright from [46]).
(B) Schematic diagram of iron-doped TiO2 synthesis viahydrothermal treatment followed by dye
degradation (Copyright from [47]).

2.1.6. Recent Progress in Metal-Doped Photocatalysts

Recently, a combination of two or more techniques had been used to prepare photo-
catalysts with several enhanced properties, including optical, photocatalytic properties,
UV-induced wettability, and self-cleaning effects. A recent study used a combination of
sol–gel and spin coating methods fordoping copper in zinc oxide thin films. The precur-
sor solutions for zinc and copper were dissolved in a mixture of solvent and stabilizer
and stirred at 60 ◦C. The coating sol, thus obtained, was kept in the dark for a day and
spin-coated at 2000 rpm on a glass substrate for 30 s. The spin coating was followed by
drying at 180 ◦C, and the processes of spin coating and drying were repeated multiple
times. Annealing was performed at 500 ◦C for 2 h, forming copper-doped zinc oxide
film with enhanced photocatalytic, super-hydrophilic, and self-cleaning properties [48].
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Copper-doped nickel oxide nanoparticles with a new morphology and modified band
gap were synthesized by combining co-precipitation and calcination [49]. The calcination
temperatures affected the morphologies of the doped photocatalyst and surface areas. In a
recent study, tin-doped TiO2 nanoparticles were synthesized by a sol–gel route followed
by calcination at various temperatures from 450–750 ◦C. The optimum formulations of
tin-doped TiO2 were screen printed and annealed at 500 ◦C. A dispersion of the synthesized
nanoparticles in 2-propanol, α-terpeniol, and ethyl cellulose was prepared, followed by the
incorporation of additives, and the mixture was homogenized to produce a paste which
was screen printed on a glass slide using a hard square edge polyurethane squeegee and
400 meshcount screens [50]

A green synthesis method involving a microwave-assisted combustion technique with
Tamarindus indica seed extract as fuel was used to synthesise Ni-doped magnesium ferrite
nanoparticles with a spinel cubic structure for use as visible range photocatalysts for dye
degradation [51]. The sol–gel auto-combustion method had been used for synthesizing
metal-doped nano cubic spinel ferrite-based photocatalysts for wastewater treatment [52,53]

Considerable enhancement of the photocatalytic activity of TiO2 during hydrogen pro-
duction hadbeen achieved by using two-dimensional transition metal-based carbonitrides,
also known as MXenes, as cocatalysts. MXene offers the unique advantage of possessing a
layered structure, excellent conductivity, excellent exposure to metallic sites, and tuneable
electronic structures. Electrostatic self-assembly and photoreduction processes were used
to prepare the Ag/Ti3C2/TiO2 nanocomposites for photocatalytic hydrogen production.
The scheme for the synthesis process is illustrated in Figure 3 [54].

Figure 3. Schematic for preparation of Ag/Ti3C2/TiO2 nanocomposites (Copyright permission from [54]).

The solar-driven photocatalytic reduction of CO2 to CH4 and CO is a newly evolved,
promising strategy for addressing energy challenges and environmental concerns. In this
respect, metal–organic frameworks had emerged as promising photocatalytic materials,
with their organic ligands serving as light-harvesting centres, activating the metal cluster
nodes. However, MOFs suffer from limitations—namely, poor charge separation, low
conductivity values and poor migration efficiency. In a recent study, the drawbacks were
overcome by synthesising a durable hybrid cobalt-based MOF/Cu2O composite containing
a p–n heterojunction for carrying out solar-driven CO2 photoreduction with increased
efficiency. An ultrasonicated aqueous solution of MOF was mixed with CuCl22H2O and
NaOH solutions, followed by a dropwise addition of ascorbic acid solution. The resulting
suspension was centrifuged and vacuumdried to yield a fine composite powder [55]. In
another study, the facile hydrothermal method was used to fabricate azobenzene tetracar-
boxylic acid-based MOF for the effective photocatalytic reduction ofCO2 to CH4, along
with high CH4 selectivity [56]. The solvothermal method was recently used to incorporate
a rhodamine dye molecule into a zirconium-based MOF framework to fabricate a dye-
sensitized photocatalyst for CO2 reduction. Anchoring the dye molecule into MOF-based
semiconductors expands the light absorption range of the photocatalyst and initiates the
transfer of electrons from the excited dye molecule to the MOF. The composite was prepared
viareaction of the dye and the MOF in water at 120 ◦C for 24 h. After cooling to room
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temperature, precipitates were centrifuged and washed thoroughly to remove additional
dyes, followed by vacuum drying [57].

The construction of a heterojunction ensures enhanced carrier mobility and improved
the photocatalytic performance of the catalysts. However, interface defects and poor energy
levels can lead to interface recombination, leading to a loss in photocatalytic performance.
Reduction in interfacial recombination had been carried out by adjusting the band align-
ment in the existing photocatalyst. The cliff-like conduction band offset (CBO) in CuSbS2
(CAS)/ZnO was modified by coupling another material, CdS, to form spike-like CBO,
resulting in a reduced interface combination rate and increased photocatalytic efficiency.
The CAS–ZnO–CdS heterojunction prepared by the microwave-assisted method produced
a hydrogen evolution of 140.45 µmol/g after 4 h of illumination [58]. A combination of
solvothermal and electrospinning technology was used for preparing CuBi2O4-Bi2WO6
nanofibres with Z scheme heterojunction with a 90% degradation efficiency of tetracycline
hydrochloride [59].

Single-atom catalysts performed excellently due to the uniform adsorption of reac-
tants/intermediates on each active site and avoidance ofmultiple adsorptions. They were
highly selective for reactions—namely, hydrogenation, electrocatalysis, and oxidation—
and exhibit high activity. Nitrogen-doped graphene (NG) material with N as the Lewis
base binds strongly to the Lewis acid, namely, single-atom metal centre. It provided a
stable, coordinated environment for the single metal atom. A recent study used a precur-
sor dilution strategy to prepare a copper/nickel dispersed poly(tetraphenyl porphyrin)
through Friedel Crafts alkylation, and it was deposited on modified TiO2 microspheres.
The atomically dispersed Cu-N4 and Ni-N4 complexed with NG were subsequently syn-
thesized viacalcination at 800 ◦C [60]. The desulphurization of dibenzothiophene using
the bimetallic single-atom catalyst was 100%, with a total metal loading of 0.1 wt% for
both metals. A narrow band gap semiconductor (~1.5 eV), CuInS2, had been used in
photocatalytic hydrogen evolution, pollutant degradation, and CO2 reduction due to its
strong response under visible light and excellent stability. A combination of hydrother-
mal and calcination methods had been used for fabricating a boron-doped TiO2/CuInS2Z
scheme heterojunction yielding 21.39µmol/g/h of CO and 4.83 µmol/g/h of CH4 during
a photocatalytic CO2 reduction with no significant reduction in yield after threecycles.
The yield of gases was 10 and 13 times higher than the standalone TiO2 and boron-doped
TiO2. The oxygen-rich species and Ti3+ introduced by boron doping acted as electron
traps for preventing the recombination of the photogenerated carriers, and heterojunction
hastened the separation of carriers, retainedelectrons and holes, and improved visible light
absorption [61]. The combination of hydrothermal and calcination methods used for the
synthesis of MXene-based catalysts is demonstrated in Figure 3.

2.2. Photocatalysts Doped with Non-Metals

Non-metal doping had gained substantial attention in photocatalysis due to its po-
tential advantages over metal doping. Non-metal elements—such as carbon, nitrogen,
and sulphur—offer unique opportunities for modifying photocatalytic materials without
some of the drawbacks associated with metal dopants, such as increased thermal instability,
poor dopant solubility, secondary phase formation, and phase transformations [47]. This
section explores various non-metal doping strategies and their implications for enhancing
photocatalytic performance.

Carbon doping of TiO2 nanoparticles had been explored as an approach to extend
their photocatalytic activity into the visible light range. This was typically achieved using
the sol–gel method, incorporating a stabilizing agent and a titanium tetra-isopropoxide
precursor. Interactions amongthe doped carbon, titanium, and oxygen atoms within the
TiO2 lattice lead to a reduction in the band gap energy. By adjusting the concentrations of
the stabilizing agent and the carbon dopant, researchers finely tuned the band gap energy,
thereby facilitating photocatalytic reactions in the visible light spectrum. Additionally, vari-
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ations in dopant and stabilizing agent concentrations allow for favourable microstructure
modifications, further optimizing photocatalytic performance.

Ionic liquids had proven to be effective sources of co-dopants, including carbon and
nitrogen, for mesoporous titania nanoparticles. Co-doping with carbon and nitrogen can
be achieved by introducing appropriate amounts of ionic liquid into solutions containing
titanium isopropoxide in ethanol. This process involves evaporation-assisted self-assembly
and subsequent calcination [62]. Alternatively, several mechanical and chemical methods,
such as ball milling, sol–gel synthesis, sputtering, solvothermal and hydrothermal pro-
cesses, and the direct hydrolysis of salts, hadbeen employed to introduce nitrogen into
the titania lattice. Nitrogen sources for doping include urea, thiourea, nitrogen dioxide,
ammonia, and triethylamine [63].

One innovative application of non-metal doping involves the development of nanocom-
posites composed of TiO2 and reduced graphene oxide doped with nitrogen. These
nanocomposites hadshown excellent resultsin carbon dioxide (CO2) photoreduction. The
synthesis of such nanocomposites typically involves a urea-assisted single-step hydrother-
mal method. In this process, graphene oxide wasdispersed in an aqueous ethanol solution,
followed by the addition of urea and TiO2. The mixture was subjected to high-temperature
hydrothermal treatment, forming solid nanocomposites with exceptional photocatalytic
properties for CO2 conversion [64]. The solvothermal synthesis of nitrogen-doped TiO2
and Fe2O3 nanocomposites yielded photocatalysts with enhanced activity owing to the
formation of a heterojunction between nitrogen-doped TiO2 and Fe2O3. The nanocompos-
ite absorbed light at a higher rate compared to the TiO2 alone and resulted in the nearly
complete oxidation of methanol [65]

Solvent-based multi-doping strategies had also been explored, aiming to enhance the
optoelectronic properties of TiO2. These strategies involve doping TiO2 with non-metals
(nitrogen, carbon, and sulphur) and metals (e.g., iron) using the sol–gel synthesis method.
Titanium isopropoxidewas typically added to an aqueous solution containing thiourea and
iron chloride. Stirring the solution for an extended period, followed by aging, air-drying,
grinding, and calcination yielded multi-doped TiO2 materials with tailored properties [66].

Another noteworthy approach incorporated fluorine-doped graphene as a supporting
matrix for the synthesis of gadolinium orthovanadate nanoparticle-based photocatalysts. In
this process, fluorine-doped graphene was prepared by mixing graphene and sodium fluo-
ride in water, followed by sonication and shaking. The resulting fluorine-doped graphene
was then dispersed in water, and gadolinium nitrate and polyethylene glycol wereadded
to create a homogeneous dispersion of the photocatalyst on the support. This approach
offered intriguing possibilities for designing advanced photocatalytic materials [67].

Figure 4 provides a comprehensive visual representation of the intricate synthesis
process involved in creating nitrogen-doped mesoporous TiO2 (TiO2-N), a highly advanced
photocatalytic material with promising applications. The illustration delineates critical
elements of the synthesis, starting byusing various chemical reagents crucial for intro-
ducing nitrogen dopants into the TiO2 structure. The depiction of a controlled reaction
vessel underscores the importance of maintaining precise conditions during synthesis. The
source of nitrogen dopants, likely involving ammonia or similar compounds, is highlighted,
emphasizing its role in achieving successful nitrogen doping. Additionally, the figure eluci-
dates the mesoporous structure of TiO2, essential for maximizing the material’s surface area,
thereby enhancing photocatalytic activity. The heart of the illustration lies in illustrating
how nitrogen atoms wereintegrated into the TiO2 lattice, a fundamental alteration that
extended the material’s photocatalytic capabilities into the visible light spectrum. Overall,
Figure 4 offers valuable insights into synthesising nitrogen-doped mesoporous TiO2. It
highlights controlled chemical reactions as the key to its advanced properties, particularly
its enhanced ability to harness solar energy and address environmental challenges through
advanced photocatalysis.
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Figure 4. (A) Synthesis of N–doped mesoporous TiO2 (Copyright permission from [68]). (B) Synthesis
of N–doped reduced TiO2 using atmospheric plasma spraying (APS) (Copyright permission from [69]).

This section underscores the diverse strategies employed to introduce non-metal
dopants into photocatalytic materials, highlighting their potential to enhance performance
and broaden the scope of photocatalysis.

Nitrogen-doped TiO2 exhibited boosted visible light absorption due to the shifting
of 2p orbital levels. In a recent study, Ag/AgCl/N-doped TiO2 photocatalysts hadbeen
synthesized for achieving high ammonia conversion during photocatalytic ammonia ox-
idation and significant N2 selectivity compared to NOx due to a change in the reaction
pathway [70]. A combined sol–gel and photo deposition method was used for preparing the
catalyst. In another instance, the stability of N-doped carbon material in peroxydisulphate-
based Fenton reactions was enhanced by synthesizing N-doped carbon spheres with TiO2
nanoparticles supported on the inner surface of the hollow spheres [71]. Direct electron
transfer (DET)–based non-radical activation of persulfates utilized the N-doped carbon
material as electron transport conductors and reduced the persulfates without being oxi-
dized. To achieve this, N-doped carbon was deposited on TiO2 nanoparticle-wrapped SiO2
viachemical vapour deposition followed by alkali etching, which resulted in the generation
of the TiO2-incorporated hollow N-doped carbon spheres.

2.3. Structural Modifications of Doped Photocatalysts

The effects of metal doping on structural and morphological characteristics had been
investigated viacharacterization of the doped and undoped samples using standard char-
acterization techniques—namely, SEM, XRD, UV-Vis spectroscopy, FTIR and energy dis-
persive X-ray spectroscopy. In one of the studies on nickel-doped ZnO, the diffraction
peaks obtained in the sample were sharper than in the undoped one, indicating the strong
crystalline nature of the doped sample, which increased with dopant concentration and
pH. However, the hexagonal wurtzite structure of the original undoped photocatalyst
remained unchanged in the doped one [26]. However, an increase in dopant concentration
beyond a critical concentration increased the agglomeration of the particles with a sub-
sequent increase in the energy band gap, which was undesirable. Similarly, in pure TiO2
and silver-doped TiO2, the main phase was identified as anatase with no alteration in the
crystal structure in the doped sample. The grain sizes calculated using the Debye–Scherrer
formula were between 16–18 nm in undoped and doped samples, indicating the negligible
impact of doping on grain sizes [32]. The Debye–Scherrer equation is given as

D =
0.9λ

β cos θ
(1)
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Here, D represents the grain size, λ is the wavelength of the Cu-Kα line, β is the full
width at half maxima (FWHM), and θ is the Bragg angle. Furthermore, the optical band
gap energy was calculated using the Tauc equation as follows:

α = K

(
hν− Eg

)2

hν
(2)

Here, K is a constant; hν is the energy of the incident photon, e.g., the band gap energy
for indirect transitions; and α is the absorption coefficient. It was observed that Eg decreased
with the increasing concentration of silver, indicating a delay in the recombination of
the electron–hole pair, resulting in improvement in photocatalytic activity. In another
instance, a nickel- and zinc-doped barium hexaferrite photocatalyst was fabricated using
themicroemulsion route, and XRD analysis confirmed a hexagonal structure with zinc and
nickel ions substituting barium and iron cations at the tetrahedral and octahedral positions.
An increase in dopant concentration reduced the band gap energy, indicating a beneficial
effect of doping on the photocatalytic activity. This was further confirmed by the decrease
in intensity of the peak in the photoluminescence study [72]. The doped nanoparticle was
porous, as indicated by a bulk density value as low as 0.13 kg/m3. Further co-doping with
metal ions imparted exceptional stability to the catalysts, as demonstrated by the retention
of photocatalytic efficiency after multiple cycles [34,72].

In a recent study, a one-pot synthesis of photocatalyst SrTiO3, doubly modified with
silver nanoparticles, was carried out to yield highly stable photocatalysts with BET surface
areas as high as 16 m2 g−1, pore size of 19 nm, and a reduction in the energy band from
3.2 eV in undoped catalysts to 2.8 eV in the modified ones. The double modifications
carried out were the following: doping the photocatalysts with silver nanoparticles and
depositing the nanoparticles on the catalyst surface viawet impregnation method [73]. In
the recent study on MXene-based TiO2 catalysts, the specific surface area of hierarchical
flower-like TiO2 microspheres decorated with dual cocatalysts—namely, Ti3C2 nanosheets
and Ag—measured using N2 adsorption–desorption isotherms was ~100 m2/g, a value
slightly lower than pristine TiO2. However, the photocatalytic hydrogen production by the
composite catalyst was 40-fold compared to the pristine TiO2, indicating that the specific
surface area did not play a significant role in enhancing the photocatalytic activity of the
catalyst, although the adsorption of H2O was an essential step in promoting photocatalytic
hydrogen production [54].

XRD patterns of a sulphur-doped Sn3O4 photocatalyst indicated that the crystal
structures of the catalyst remained unchanged due to doping. Narrowing the bandgap to
2.39–2.43 eV, a value smaller than that of pure Sn3O4, was achieved viasulphur doping.
However, SEM studies indicated the destruction of the hierarchical flower-like structure of
Sn3O4 due to sulphur doping [74].

3. The Doping of Adsorbentswith Nanoparticles

Conventional adsorbents like activated carbon and alumina had been longstanding
workhorses in removing dyes, heavy metals, and organic pollutants from wastewater [75].
However, the quest for more efficient and cost-effective wastewater treatment had shifted
the focus towards low-cost adsorbents characterized by rapid adsorption kinetics and
exceptional adsorptive capabilities [76]. Nanoadsorbents have emerged as promising
alternatives to their conventional counterparts in this pursuit.

The superiority of nanoadsorbents lies in their distinct features, notably their re-
markable surface area-to-volume ratio, customizable pore sizes, and reduced intraparticle
diffusional distances. These characteristics translate into significantly enhanced perfor-
mance when it comes to the adsorption of pollutants from wastewater. But the story
does not end there; researchers hadexplored a novel approach to elevate the efficacy of
nanoadsorbents even further—doping with external agents.

In this context, doping represents the infusion of specific compounds or elements into
the nano-adsorbent matrix. This infusion process is not limited to a single method; it can
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be achieved through chemical impregnation or mechanical mixing, offering flexibility in
implementation. Heteroatom doping, a prominent technique, involves the substitution
of surface carbon atoms with heteroatoms of varying sizes and electronegativities. This
substitution brings about an intriguing phenomenon known as charge-transfer doping,
wherein the charge distribution within the material wasmodulated, leading to altered
adsorption behaviour. Alternatively, defective doping introduces structural imperfections
or defects into the adsorbent’s architecture, further influencing its adsorption characteristics.

Nitrogen stands out as a widely favoured choice among the array of elements em-
ployed as dopants. Nitrogen doping introduces unique properties to the adsorbent, ef-
fectively augmenting its pollutant removal capabilities [75]. In parallel, incorporating
metal nanoparticles into adsorbents had also garnered significant attention. These metal
nanoparticle-doped adsorbents offer distinct advantages [76], rendering them increasingly
indispensable in wastewater treatment.

In essence, the adoption of nano adsorbents signifies a substantial leap in wastewater
treatment technology. Their innate properties make them formidable candidates for pollu-
tant removal. However, researchers can fine-tune these materials by leveraging the power
of doping with external agents, enhancing their efficiency and versatility. Nitrogen and
metal nanoparticle doping exemplify the innovative avenues explored to create advanced
adsorbent materials tailored to meet the evolving demands of efficient pollutant removal
from wastewater streams.

3.1. Nitrogen Doping

Removing carbon dioxide (CO2) from flue gas using porous carbon adsorbents holds
significant promise as a practical technique, primarily due to several advantageous factors.
These include the ready availability of the adsorbent, its inherent selectivity towards CO2,
the simplicity of synthesis methods, and its robust stability even in harsh environmental
conditions. The underlying principle of CO2 adsorption onto carbon materials primarily
relies on Van der Waals interactions, which facilitate the physical trapping of CO2 molecules
within aporous structure. However, researchers have harnessed the power of chemical
doping to engineer the surface properties of porous carbon materials intentionally.

In this context, doping entails introducing specific impurities or atoms into the carbon
lattice, effectively creating tailored electrostatic interactions during the adsorption process.
This deliberate alteration induced by doping leads to variations in electron density across
the carbon material, giving rise to micro-domains within the pore volume with distinct
electrostatic strengths [77]. Among the elements considered for doping, nitrogen, boron,
phosphorus, and sulphur—known for their relatively higher electronegativity—stand out.
When incorporated into the carbon structure, these dopants introduce a positive charge density
on neighbouring carbon atoms, enhancing oxygen molecules’ adsorption affinity [78].

The strategic introduction of nitrogen atoms into the carbon framework, coupled with
subsequent chemical activation, represents a particularly effective approach to maximize
the number of active adsorption sites. Nitrogen, in particular, enjoys the status of a favoured
dopant for carbon materials due to its closely matched atomic size with carbon and the
possession of five valence electrons that readily facilitate bonding with carbon atoms.

Notably, nitrogen-doped carbon adsorbents can be synthesized through various meth-
ods, depending on whether the doping process occurs in situ or as a post-treatment step. In
situ, nitrogen doping methods encompass solvothermal techniques, arc-discharge methods,
substituting nitrogen atoms into the carbon structure during chemical vapor deposition
from a nitrogen source, and nonmechanical approaches like ball milling. Conversely, post-
treatment doping methods typically involve incorporating nitrogen atoms into available
sites created by defects through annealing, hydrothermal treatments, ion implantation, or
plasma treatments [78].

Overall, the utilization of porous carbon adsorbents for CO2 removal from flue gas
had garnered considerable attention due to their unique attributes. Nevertheless, by
strategically introducing heteroatoms such as nitrogen into the carbon lattice through
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doping, researchers can significantly enhance the adsorption properties, opening up new
avenues for tailoring these materials to achieve even greater efficiency in capturing CO2
from industrial emissions.

Synthesis of Nitrogen-Doped Adsorbent

The synthesis of nitrogen-doped adsorbents, particularly porous carbon materials,
had attracted significant attention among researchers due to their exceptional adsorption
capabilities. Various methodologies had been explored to create these adsorbents with
tailored properties. In one study, two prepolymer solutions were prepared according to
established protocols, one containing resorcinol and formaldehyde dissolved in water and
another containing melamine and formaldehyde in water. These two precursor solutions
were combined with graphene oxide, forming graphene oxide/melamine resin composites.
Nitrogen-doped graphene oxide/melamine nanocomposites with abundant pores and a
high surface area were synthesized through a hydrothermal reaction at 80 ◦C for 24 h to
enhance their adsorption capacity further. The resulting composites were subjected to
activation in a nitrogen stream, facilitated by a KOH activator, at temperatures ranging
from 400 ◦C to 700 ◦C for 2 h. Subsequent washing and vacuum drying of the product
post-pyrolysis resulted in the desired composite material [79].

In another study, nitrogen-doped porous carbon was prepared by mixing a nitrogen
source, specifically carbamide, with anthracite coal particles, along with the activating
agent KOH. This mixture was then heated to carbonization temperatures ranging around
800 ◦C for 4 h. After carbonization, the chips were carefully washed, dried overnight, and
subsequently utilized for the adsorption of sulphur dioxide (SO2) [80].

Innovative approaches hadalso been adopted in the synthesis of nitrogen-doped
adsorbents. For instance, nitrogen-rich carbon precursor materials, such as renewable
leather solid wastes, hadbeen harnessed as a source of porous carbon material. These
materials were employed to prepare KOH-activated nitrogen-doped adsorbents specifically
designed for highly efficient removal of phenolic substances [81].

To provide a visual representation of the synthesis process, Figure 5 illustrates the
schematic diagram depicting the synthesis of nitrogen-doped magnesium oxide-modified
biochar-based adsorbent, exemplifying the innovative approaches undertaken in develop-
ing nitrogen-doped adsorbent materials [62]. These diverse methods collectively contribute
to the advancement of adsorption technologies, offering promising solutions for various
environmental and industrial applications.

Technologies 2023, 11, x FOR PEER REVIEW 16 of 34 
 

 

 
Figure 5. Schematic diagram showing the synthesis of nitrogen–doped magnesium oxide modified 
biochar–based adsorbent (Copyright permission from [82]). 

3.2. Metal Nanoparticle-Doped Adsorbents 
Incorporating metal nanoparticles into adsorbents, known as metal doping, is a 

highly effective technique to enhance the separation efficiency and surface properties of 
the adsorbent materials. This process involves the deposition of metal nanoparticles onto 
the surface and within the pore channels of the adsorbent. Notably, metal doping intro-
duces active metal sites interacting with the carbon matrix, thereby improving the ad-
sorbent’s selectivity. Furthermore, doped metals’ magnetic properties can facilitate the 
adsorbent’s regeneration, making the process more efficient [83]. 

Metal nanoparticle doping had widespread application in wastewater treatment, 
extending beyond porous carbon materials to encompass various other porous adsor-
bents. Examples of these modified adsorbents include cellulose, zeolite, chitosan, and 
montmorillonite, each of which can be tailored for specific applications through metal 
doping. The mechanism underlying the doping of porous carbon material with metals is 
elucidated in Figure 6, which illustrates the interaction between metal and porous carbon 
[83]. 

One particularly promising area of research involves the development of met-
al–organic framework (MOF)-based adsorbents doped with metal nanoparticles, such as 
nickel and copper. MOFs are crystalline porous materials characterized by metal centres 
interconnected by organic linkers. They offer substantial advantages, including high 
surface area, porosity, and exceptional thermal and chemical stability. Additionally, 
modifying the metal centres and linkers can customise MOFs’ pore size and functionali-
ties. Doping metal nanoparticles into MOFs can be achieved through various techniques, 
including chemical vapor deposition, solid grinding, microwave irradiation, and solution 
infiltration. Previous studies haddemonstrated the effectiveness of MOF modification 
through palladium doping for toluene adsorption and cerium doping for NO2 adsorption 
[84–86]. 

The incorporation of metals into metal oxide adsorbents can be accomplished using 
several strategies, such as chemical precipitation, sol–gel, solvothermal, and 
co-precipitation methods. For example, the solvothermal method had been employed to 
synthesize chromium-doped zinc oxide nanoparticles, efficiently removing methyl or-
ange from wastewater [75]. Simultaneously, a hydrothermal approach was utilized to 
synthesize gadolinium-doped cobalt ferrite nanoparticles [68]. Additionally, the removal 
of radioactive iodine from an alkaline solution, a byproduct of nuclear fission in uranium, 
was effectively achieved using alumina doped with silver nanoparticles [87]. These di-
verse methods of metal nanoparticle doping continue to drive advancements in adsorp-
tion technologies, contributing to their efficacy in diverse environmental and industrial 
applications. 

Figure 5. Schematic diagram showing the synthesis of nitrogen–doped magnesium oxide modified
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3.2. Metal Nanoparticle-Doped Adsorbents

Incorporating metal nanoparticles into adsorbents, known as metal doping, is a highly
effective technique to enhance the separation efficiency and surface properties of the
adsorbent materials. This process involves the deposition of metal nanoparticles onto the
surface and within the pore channels of the adsorbent. Notably, metal doping introduces
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active metal sites interacting with the carbon matrix, thereby improving the adsorbent’s
selectivity. Furthermore, doped metals’ magnetic properties can facilitate the adsorbent’s
regeneration, making the process more efficient [83].

Metal nanoparticle doping had widespread application in wastewater treatment, ex-
tending beyond porous carbon materials to encompass various other porous adsorbents.
Examples of these modified adsorbents include cellulose, zeolite, chitosan, and montmoril-
lonite, each of which can be tailored for specific applications through metal doping. The
mechanism underlying the doping of porous carbon material with metals is elucidated in
Figure 6, which illustrates the interaction between metal and porous carbon [83].

Figure 6. The mechanism of doping between metal and porous carbon [83].

One particularly promising area of research involves the development of metal–organic
framework (MOF)-based adsorbents doped with metal nanoparticles, such as nickel and
copper. MOFs are crystalline porous materials characterized by metal centres intercon-
nected by organic linkers. They offer substantial advantages, including high surface area,
porosity, and exceptional thermal and chemical stability. Additionally, modifying the metal
centres and linkers can customise MOFs’ pore size and functionalities. Doping metal
nanoparticles into MOFs can be achieved through various techniques, including chemical
vapor deposition, solid grinding, microwave irradiation, and solution infiltration. Previous
studies haddemonstrated the effectiveness of MOF modification through palladium doping
for toluene adsorption and cerium doping for NO2 adsorption [84–86].

The incorporation of metals into metal oxide adsorbents can be accomplished using
several strategies, such as chemical precipitation, sol–gel, solvothermal, and co-precipitation
methods. For example, the solvothermal method had been employed to synthesize
chromium-doped zinc oxide nanoparticles, efficiently removing methyl orange from
wastewater [75]. Simultaneously, a hydrothermal approach was utilized to synthesize
gadolinium-doped cobalt ferrite nanoparticles [68]. Additionally, the removal of radioactive
iodine from an alkaline solution, a byproduct of nuclear fission in uranium, was effectively
achieved using alumina doped with silver nanoparticles [87]. These diverse methods of
metal nanoparticle doping continue to drive advancements in adsorption technologies,
contributing to their efficacy in diverse environmental and industrial applications.
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The Synthesis of Metal-Doped Adsorbents

In the synthesis of metal-doped adsorbents, various methods had been explored to
effectively incorporate metal elements into the adsorbent matrix, enhancing their adsorption
properties and suitability for specific applications. One study by Cheng et al. [88] employed
ultrasound-assisted carbon activation as a key step. This process involved the activation
of carbon, followed by impregnation with Fe(NO3)3 under an ultrasonic treatment for
30 min. Subsequent filtration and drying at 105 ◦C yielded the suspensions, which were
then treated in a microwave to produce iron-doped activated carbon. During ultrasonic
treatment, ultrasonic cavitation played a critical role, leading to an increase in the fixed
carbon content and a corresponding decrease in other ingredients. This method resulted in
the creation of iron-doped activated carbon with improved adsorption properties.

Another approach, the co-precipitation method, was employed to synthesize barium-
doped zinc oxide nanoparticles, which exhibited high effectiveness as adsorbent materials
for dyes [89]. This method involves the simultaneous precipitation of metal ions, re-
sulting in the formation of doped nanoparticles with tailored properties suitable for dye
removal applications.

Additionally, researchers hadconducted a comparative study to evaluate the efficien-
cies of CO2 adsorption using various metal-doped MgO adsorbents. This evaluation was
based on theoretical calculations of adsorption energy, aiming to identify the most effective
dopant for achieving maximum CO2 removal [90]. Density Functional Theory (DFT) calcu-
lations played a crucial role in revealing that aluminium-doped MgO exhibited the highest
average adsorption energy and the presence of chemisorption structures. Consequently,
this interaction between CO2 and aluminium-doped MgO was identified as the strongest
and most favourable among the tested dopants. Due to their ease of separation, transition
metals with magnetic properties—including nickel, iron, and cobalt—had been favoured as
dopants. Nickel-carbon nanoparticles, for instance, were synthesised using an electrical
wire explosion method under 320 V of voltage in an ethanol medium. Subsequent treatment
processes, such as sonication, filtration, washing, and drying at 70 ◦C, yielded nano colloids
that effectively removed organic dyes [91].

Furthermore, the modification of graphitic carbon nitride with various metals, includ-
ing lithium, sodium, magnesium, and calcium, was explored. This involved annealing a
mixture of cyanamide and the respective metal chloride at 550 ◦C for 3 h. The resulting
synthesized material was assessed for its efficiency in dye removal applications [92]. These
diverse methods of synthesizing metal-doped adsorbents showcase the versatility of ap-
proaches available for tailoring adsorption materials to meet specific environmental and
industrial needs.

3.3. Recent Advancements in Doped Adsorbents

A number of investigations hadbeen carried out recently for developing novel porous
adsorbent material—namely, metal–organic frameworks, porous polymers, and engineered
porous carbon with enhanced adsorption capacities and selectivity. Activated carbon
cloth fabricated from precursors like viscous rayon, cotton, and blends and decorated
with polypyrrole nanoparticles had been used extensively in CO2 adsorption with a high
CO2:CH4 selectivity. In a recent study, composites of viscose rayon cloth and polypyrrole
nanoparticles (VRC-PNP) were prepared viapolymerization followed by carbonization at
850 ◦C. Nickel doping was performed by immersing the composite fabric into a nickel
solution, and the resulting composite achieved a CO2:CH4 selectivity of 369.5 at 20 bar and
298 K [93]. A facile one-pot synthesis of nitrogen-doped porous carbons was carried out by
grinding a mixture of melamine, hexamethyltetramine, and pluronic;calcinationwas carried
out in an N2atmosphere, and the mixture was used for drug adsorption with a capacity as
high as 110 mg/g [94]. In another instance, nitrogen-doped hierarchical porous carbon was
prepared by a step activation process with different proportions of cellulose, (NH4)2C2O4
and NaHCO3/KHCO3, and calcining at 900 ◦C. The nitrogen-doped hierarchical structure
possessed a toluene adsorption capacity as high as 585 mg/g, where the micropores and the
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nitrogen functional groups were the governing factors behind the nd toluene adsorption
capacity [95].

The one-step urea hydrothermal method had been used to synthesise magnesium zirco-
nium hydrotalcite-like material doped with Fe2O3, and ZrO2, which were used for fluoride
removal from water with an adsorption capacity as high as 113.38 mg/g. The metal oxide
nanoparticles and the hexagonal laminae of the hydrotalcite were uniformly stacked, produc-
ing a large specific area of the adsorbent [96]. Recently, nitrogen-doped carboxylated porous
carbon materials were employed to remove heavy metals from water—namely, lead, mercury,
and chromium. In this work, four different nitrogen functional groups—namely, graphitic,
pyrrolic, pyridinic and pyridine oxide—were combined with carboxyl acid functional groups
and incorporated into the porous carbon structure, producing a BET surface area as high as
1135 m2/g. A percentage removal of heavy metals as high as 100% was quickly achieved,
which was attributed to itshigh adsorption capacity (721 mg/g for lead) and high uptake
values [97]. The high specific surface area coupled with the chelating action of the carboxyl
acid group synergistically increased the percentage removal of metal ions.

Recent studies had reported the synthesis of the nanocomposites of acid-functionalized
carbon nanofibers with manganese-doped titanium nanotubes to recover lithium metal
viaadsorption. The functionalized carbon nanofibers (ACNF)were synthesized using hot
mix acid oxidation, and the manganese-doped TNTs(Mn-TNT) were synthesized by a
modified Murray approach. Microwave irradiation was used to deposit the Mn-TNTs
on the ACNF. The lithium adsorption capacity of the nanocomposites was 10 times that
of pristine ACNF [98]. Covalent triazine frameworks (CTF) were a recently developed
promising class of adsorbents belonging to the triazine core covalent organic framework
(COF) class. They were effectively employed for CO2 capture [99] and dye removal from
aqueous solutions [100]. A recent study employed a triazine-based covalent organic poly-
mer with hierarchical micro and mesoporous structures to remove cationic and anionic
dye, achieving a 50 mg/g adsorption capacity in an hour [100]. Phenylenediamine cova-
lent organic polymer(PDA-COP) functionalized with 3-amino-1,2,4-triazole-5-thiol(ATT)
was synthesized by a nucleophilic substitution reaction between cyanuric chloride and
para-phenylenediamine, followed by a dropwise mixing of ATT. The ATT@PDA-COP
showed a Hg2+ adsorption capacity of 312.5 mg/g [101]. A solvothermal method was
used to synthesised a zinc-based coordination polymer adsorbent with a large surface
area and porous structure to remove two dyes simultaneouslyusing dimethyl formamide
(DMF) and terephthalic acid (TP). The adsorption capacity of the prepared adsorbent for
the two dyes—namely, quinoline and azure blue in the binary mixture—was 46.57 mg/g
and 40.98 mg/g with a three time reusability without a decline in adsorption capacity [102].
Nitrogen-rich porous polymers obtained viaco-polymerization of 1,4-bis- (2,4-diamino-
1,3,5,-triazine)-benzene with terepthaldehyde and with 1,3,5-tris(4-formylphenyl)benzene
resulted in nitrogen-rich porous polymers with a surface area of 1579 m2/g and 1028 m2/g,
respectively. The CO2 uptake at 1 bar for the first adsorbent was 3.71 mmol/g at 298 K
with a CO2/N2 selectivity of 21 and a CO2/CH4 selectivity of 5.3. The CO2 uptake had
been found to depend on pore functionality, while CH4 uptake depended on surface area.
Hence, the CO2/CH4 selectivity was found to be higher for the adsorbent with a lower
surface area—namely, the second adsorbent [103].

4. Applications of Doped Photocatalysts and Adsorbents

Doping photocatalysts with metals and metal oxides enhances their photocatalytic
properties, making them valuable in various applications. For instance, bismuth-doped
TiO2 had shown the synergistic enhancement of CO2 photo-reduction and selectivity
towards CH4 [29]. Platinum had been used as an electron-trapping agent to modify
bismuth-doped TiO2, effectively extracting trapped electrons on the surface of TiO2 [8].
Other studies had explored the use of metal-doped photocatalysts for pollutant and dye
removal, demonstrating their potential for environmental remediation [20,21]. Additionally,
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metal oxides can serve as support materials for depositing catalysts, promoting catalytic
activity, and improving overall performance [104].

Copper-doped zinc oxide had been employed for treating arsenic-rich water through
the oxidation of arsenic (As(III) to As(V)) [105]. Researchers had also adopted unconven-
tional strategies, like the solid-state method, to introduce iron into TiO2 nanoparticles for
preparing iron-doped TiO2 photocatalysts for dye degradation [106]. Self-doping TiO2
nanoparticles with Ti3+ had been achieved using a one-step solvothermal method, con-
tributing to enhanced photocatalytic activity [107].

TiO2 with manganese doping on reduced graphene oxide, synthesized through a one-
pot hydrothermal method, exhibited a remarkable 99% chromium removal efficiency under
sunlight within 60 min. Additionally, doping led to a significant 12.85% enhancement in
photocatalytic activity [108].

Nanocomposites of TiO2 and nitrogen-doped reduced graphene oxide were pre-
pared via a urea-assisted hydrothermal method, showcased a noteworthy CO yield of
356.5 µmole g−1 in CO2 photoreduction reactions, representing a 4.4-fold increase com-
pared to undoped TiO2 [64].

Furthermore, nitrogen-doped graphene hydrogels were synthesized using a one-pot
hydrothermal method, exhibited excellent adsorption and photocatalytic activities for
organic pollutant removal. Doping led to a notable increase in the degradation percentage,
from 60% to 70%, using the doped catalyst [109].

Fluorine-doped graphene nanosheet (FG)-based photocatalysts were modified with
GdVO4 via an ultrasonication-assisted hydrothermal method, achieved a remarkable 97%
removal of phenol from water. Modification with GdVO4 resulted in a substantial 120%
enhancement in phenol degradation compared to pristine FG [67].

Self-doped reduced TiO2 nanotube arrays (r-TiO2 NTA), obtained through electro-
chemical self-doping, demonstrated a photocurrent density of 2.8 mA/cm2 and a photo-
conversion efficiency of 1.27% in solar-assisted water-splitting reactions. This marked an
increase from 0.97% in TiO2 NTAs to 1.27% in electrochemically self-doped TiO2 [110,111].

The list goes on to include Sn-doped haematite, platinum nanoparticle-doped meso-
porous/ZnO photocatalysts, a magnetic NiFe2O4 catalyst supported on nitrogen-doped
graphene, chitosan-based nitrogen-doped graphene, doped aluminium nanoparticles/
Moringa oleifera gum-activated carbon, C-doped Bi2O3 nanowires, and neodymium (Nd3+)-
doped CoFe2O4 (cobalt ferrite). These materials demonstrated significant improvements
in their respective applications. The beneficial effects of doping photocatalysts through
enhancement of their degradation efficiency are shown in Figure 7.

These diverse doping techniques and applications highlight the versatility of metal
and metal oxide doping in tailoring the properties of photocatalytic materials, making them
suitable for various environmental and catalytic applications.

Doping in adsorbents had played a pivotal role in augmenting their capabilities,
leading to diverse applications. For example, a UiO-66 nanoparticle doped with cobalt
and synthesized through a single-step solvothermal method, achieved a remarkable 94%
removal of tetracycline, boasting 7.6 times greater adsorption capacity compared to pristine
UiO-66 adsorbents [112].

In another instance, a bismuth oxide-doped MgO adsorbent, prepared via a co-
precipitation method, demonstrated efficient indigo carmine dye adsorption with a maxi-
mum dye removal capacity of 126 mg g−1, surpassing the performance of other magnesium-
based adsorbents [113].

Additionally, Fe(NO3)3-impregnated activated carbon, synthesized using an ultrasound–
microwave combined method, effectively removed dyes from wastewater, exhibiting a max-
imum adsorption capacity of 259.74 mg/g. The activation process improved the removal
capacity by 17.12% compared to non-activated carbon [114].

Furthermore, nitrogen- and phosphorus-co-doped porous carbon, produced through
a solvothermal method, displayed a remarkable CO2 adsorption capacity of 5.68 mmol g−1

at 5 bar, a 2.63-fold increase compared to the undoped adsorbent [115].
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Figure 7. (A) Photocatalytic dye degradation comparison of undoped mesoporous TiO2 (mT), 1wt%
copper–doped mT, 2 wt% copper–doped mT, 3 wt andcopper–doped mT, without light and without
catalyst (Copyright permission from [34]). (B) Carbon monoxide evolution rate of a pure cobalt–based
metal–organic framework (Co–MOF), Cu2O and MOF/Cu2O hybrid composites (CMC) composite
samples with different weight percentages of Co–MOF during visible–light–driven CO2 reduction (Copy-
right permission from [55]). (C) Photocatalytic hydrogen production of pure TiO2, Ti3C2/TiO2(TM)
nanocomposites with different weight percentages of Ti3C2, Ag/TiO2 composite, Ag/Ti3C2/TiO2

nanocomposites with different weight percentages of Ag (Copyright permission from [54]). (D) Photo-
catalytic removal efficiency of NOx with pure SrTiO3 (STO), Ag–doped SrTiO3 (Ag–STO), Ag-doped
and Ag–deposited STO (Ag(d–d) STO1, Ag(d–d) STO2) where Ag in Ag (d–d) STO1 was obtained from
Ag+ enriched solution, and Ag in Ag(d–d) STO2 was obtained from pure AgNO3 solution. C0 is the
initial concentration and C the concentration after time t (reproduced from [73]).

Other examples include cerium oxide nanorods coated with nitrogen-doped carbon
nanoparticles, nickel oxide nanoparticles,-doped PVA-MF polymer nanocomposites, zinc-
doped SnS2 nanoparticles, a metal–organic framework with the iron base loaded on iron
oxide nanoparticles, nitrogen-doped biochar, and iron-doped natural clay. These materials
showcased noteworthy enhancements in their adsorption capacities and efficiency for
various applications [116–122]. The improvement of the performance of doped adsorbents
over the undoped ones is demonstrated in Figure 8 for various applications.
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Figure 8. (A) Toluene adsorption breakthrough curves for nitrogen–doped hierarchical porous carbon
(NHPC(Na)) prepared at different mass ratios of α–cellulose:(NH4)2C2O4:NaHCO3 (133 indicates the
mass ratio 1:3:3)and activated carbon(AC) (Copyright from [95]). (B) Adsorption isotherms of CO2

uptake at different pressures using undoped carbonized viscose rayon–polypyrrole nanoparticles
(CC–PNP) and nickel–doped CC–PNP with nickel content 7% (CC–PNP–Ni–7) and 10% (CC–PNP–
Ni–10)(Copyright from [93]). (C) Adsorption kinetics of methylene blue removal by sodium alginate
(SA), sodium alginate/Fe3O4 (SA/Fe3O4), sodium alginate/Fe3O4/chitosan (SA/Fe3O4/CS) at
different weight percentages of chitosan (CS), graphene oxide (GO) modified Fe3O4–doped sodium
alginate (SA)/chitosan (CS) gel at different percentages of CS (Copyright from [123]). (D) Phosphate
adsorption kinetics of Lanthanu—doped trimetallic nickel zinc Lanthanum (NiZnLa) nanosheets and
undoped nickel/zinc composites (Copyright from [124]).

To summarize, this section explores the broad spectrum of applications for metal and
non-metal-doped photocatalysts and adsorbents, underscoring their significance in various
environmental and industrial contexts. The findings from multiple studies are presented in
Tables 1 and 2, offering comprehensive insights into synthesis methods, key outcomes, and
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substantial performance enhancements realized through doping in these materials. Overall,
the tables underscore the transformative impact of doping in photocatalysts and adsorbents,
opening new avenues for addressing critical environmental and industrial challenges.

Table 1. Applications of Doped Photocatalysts.

Material Method of Synthesis Key Findings Performance Improvement
by Doping References

Iron-based metal–organic
framework (MOF)
with azobenzene
tetracarboxylic acid organic
linkers

Facile hydrothermal method

CH4 product yield as high as
16.32 µmol g−1 catalyst and
77.57% selectivity during
visible light-driven CO2
photoreduction

Product yield improved
fourfold compared to the
metal cluster
Fe3(µ3-O)-(CH3COO)6

[56]

Nanocomposites of TiO2 and
nitrogen-doped reduced
graphene oxide

Urea-assisted hydrothermal
method

CO yield 356.5 µmole g−1 in
CO2 photoreduction reaction

4.4-fold enhancement inthe
yield of carbon monoxide
compared to undoped TiO2

[64]

Fluorine-doped graphene
nanosheets (FG)-based
photocatalyst modified with
GdVO4

Ultrasonication-assisted
hydrothermal method
(Exfoliation method)

97% removal of phenol
from water

120% enhancement in phenol
degradation using GdVO4
modified FG catalyst
compared to pristine FG

[67]

TiO2 with manganese doping
grown on reduced graphene
oxide

One-pot hydrothermal
method

99% chromium removal
efficiency in 60 min
under sunlight

12.85% enhancement in
photocatalytic activity in the
doped catalyst

[108]

Nitrogen-doped graphene
hydrogels

Facile one plot hydrothermal
method

Excellent adsorption
and photocatalytic activities
for organic pollutant removal

Increase in degradation
percentage from 60 to
70 using doped catalyst

[109]

Self-doped reduced TiO2
nanotube array (r-TiO2 NTA) Electrochemical self-doping

Photocurrent density
achieved was 2.8 mA/cm2

at 1.23 V vs. reversible
hydrogen electrode (RHE)
and photoconversion
efficiency 1.27% in
solar-assisted
water-splitting reactions.

Photoconversion efficiency
increases from 0.97%
in TiO2 NTAs to 1.27% in
electrochemically
self-doped TiO2.

[110,111]

Pyrazolyl porphyrinic
nickel-based MOF Hydrothermal method

CH4 product yield as high as
101 µmol g−1 catalyst and
62.73% CH4 selectivity
during visible light driven
CO2 photoreduction

Product yield increased
threefold compared to other
porphyrinic MOF

[125]

Sn-doped haematite Solution combustion synthesis
5% Sn-doped haematite
shows 100% photocatalytic
activity in dye degradation

Photocatalytic activity
was intact after three
cycles compared to
the pristine haematite

[126]

Platinum nanoparticle-doped
mesoporous/ZnO
photocatalyst

Sol–gel synthesis
Methanol yield of
668 µmol g−1 during CO2
photoreduction

18.5-fold higher CH3OH
yield than pristine ZnO [127]

Magnetic NiFe2O4
catalyst supported on
nitrogen-doped graphene

One-step hydrothermal
method

100% Methylene blue
degradation in 3 h - [128]

Chitosan-based
nitrogen-doped graphene Pyrolysis

90 µmol hydrogen generation
in 180 min from a
water/methanol mixture

Increase from 20 µmol
in undoped photocatalyst
to 90 µmol in doped
photocatalyst

[129]

Doped aluminium
nanoparticles/Moringa oleifera
gum-activated carbon

Sol–gel method ~95% removal of nitrate and
phosphate under LED

Increase in removal
efficiency from ~30%
using undoped catalyst
to 95% in doped catalyst

[130]
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Table 1. Cont.

Material Method of Synthesis Key Findings Performance Improvement
by Doping References

C-doped Bi2O3 nanowires
Solvothermal method
using bismuth-based
adsorbent as a precursor

98.9% photocatalytic removal
of bisphenol

Increase in photocatalytic
activity from 30%
degradation of the pollutant
with commercial Bi2O3 to
98.9% in doped catalyst.

[131]

Neodymium (Nd3+)-doped
CoFe2O4 (cobalt ferrite)

Solvothermal treatment 94.7% dye degradation

Increase dye degradation
percentage from 29.4% in
undoped cobalt ferrite to
94.7% in doped catalyst.

[132]

Table 2. Applications of nanoparticle-doped adsorbents.

Material Synthesis Method Applications and Key
Findings

Performance Improvement
by Doping References

Bismuth oxide-doped MgO
adsorbent. Co-precipitation method

Indigo carmine dye
adsorption with a maximum
dye removal capacity
of 126 mg g−1 was shown by
5% Bi2O3 doped MgO.

The adsorption capacity
of the material was higher
than other magnesium
-based adsorbents.

[113]

Fe(NO3)3-impregnated
activated carbon

Ultrasound–microwave
combined method

Dye removal from
wastewater. Maximum
adsorption capacity
259.74 mg/g

The removal capacity
of iron-activated carbon
was enhanced by 17.12%
compared to carbon
without activation

[114]

Nitrogen- and
phosphorus-co-doped
porous carbon.

Solvothermal method The CO2 adsorption capacity
of 5.68 mmol g−1 at 5 bar

Adsorption of CO2 increased
2.63 times compared to the
undoped adsorbent

[115]

Cerium oxide nanorod
nanocomposite coated
with nitrogen-doped
carbon nanoparticles

Hydrothermal method

Cadmium ion (Cd2+)
adsorption with 99.9%
removal at 10 mg adsorbent
dosage and pH 8 at 10 ppm
Cd2+ concentration

− [116]

Nickel oxide
nanoparticle-doped PVA MF
polymer nanocomposites

Co-precipitation and
condensation

Congo red dye adsorption,
dye removal efficiency of 80%
was achieved

Increased in dye adsorption
capacity from ~45% in
undoped composites to
~80% in doped composites

[117]

Zinc-doped SnS2
nanoparticles

Thermal decomposition
method

Rhodamine B adsorption
up to ~90%

Dye adsorption increased
from ~30% in undoped
nanoparticles to ~90% in
doped adsorbent.

[118]

Metal–organic framework
with iron base loaded on iron
oxide nanoparticles

Solvothermal method
Methyl red dye removal
with an adsorption capacity
of 600 mg/g

- [119]

Nitrogen-doped biochar Solvent-free heating at 800 ◦C

CO2 adsorption with
maximum adsorption
capacity 250 mg g−1 at
1 bar and 273 K and
selectivity 38.24

Adsorption capacity
increased from 121 mg g−1 to
250 mg g−1

[120]

Iron-doped natural clay Mixing pretreated clay with
iron sulphate solution

Maximum recovery
of 38 mg g−1 phosphate
from urban wastewater

Increase in phosphate
removal efficiency
from 21 mg g−1

in undoped clay to 38 mg g−1

in doped clay

[121]
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Table 2. Cont.

Material Synthesis Method Applications and Key
Findings

Performance Improvement
by Doping References

Reduced graphene
oxide/gadolinium-doped
ZnFe2O4.

One pot Solvothermal
method

Maximum levofloxacin
adsorption capacity of 70%

Enhanced adsorption
capacity from 30%
in undoped to 70%
in doped composites

[122]

UiO-66 nanoparticle doped
with cobalt

Single-step solvothermal
method 94% removal of tetracycline

7.6 times greater adsorption
capacity compared to pristine
UiO-66 adsorbents

[112]

5. Integrated Photocatalyst-Adsorbent Systems with Doping

The integration of adsorption and photocatalytic degradation processes represents a highly
effective approach for removing contaminants, capitalizing on the advantages of both methods
while achieving enhanced removal efficiencies. Various synthesis techniques, including sol–gel,
microwave-assisted, and wet chemical impregnation, were employed to create these hybrid
systems. Numerous studies are reported in the literature-exploring the potential of integrated
adsorption–photocatalytic units incorporating doping elements [133,134].

For instance, using the sol–gel method, a significant improvement in phenol degra-
dation was achieved by synthesising a fluorine-doped TiO2 supported on an activated
carbon adsorbent. Under visible light, this integrated system exhibited an impressive 61.2%
degradation rate, whereas the undoped counterpart managed only a 13% degradation
rate [134].

In another study, zirconium-doped TiO2 nanoparticles immobilized on delaminated
clay, prepared via the sol–gel route, demonstrated enhanced photocatalytic activity under
solar radiation. The doped unit achieved approximately 90% removal of antipyrine in
just 4 h—notably, the pollutant degradation reaction rate correlated with the irradiation
intensity [135].

In a more recent investigation, the co-doping of titania nanoparticles coated on ac-
tivated carbon with cerium and nitrogen was carried out to improve the degradation
efficiency of sodium isobutyl xanthate under visible radiation. Employing the sol–gel route
for doping, the doped adsorbent–photocatalyst system exhibited an impressive removal
efficiency of 96.3% within 5 h, with a cerium dosage of 2%. Bycontrast, the undoped unit
achieved a mere removal rate of approximately 9.8% within the same timeframe [136].

Furthermore, iodine-doped biochar demonstrated efficient adsorptive and visible-
light-driven photocatalytic capabilities in removing organic pollutants in a study conducted
by Wang and colleagues. The hydrothermal treatment of biochar with iodine resulted in
the doped sample, which, when integrated for adsorption and photocatalysis, achieved a
remarkable 100% removal of the pollutants [137].

Cerium–bismuth oxides/oxynitrides prepared viadoping bismuth in ceria using a
chemical precipitation technique served as bifunctional adsorbent/photocatalysts in the ef-
fective removal of toxic organophosphate by reactive adsorption followed by photocatalytic
degradation. A near 100% removal of methyl paraxon was achieved during the reactive
adsorption [138].

These examples underscore the immense potential of integrated photocatalyst-adsorbent
systems with doping elements to address complex contamination challenges and provide a
glimpse into the promising future of environmental remediation technologies.

6. Conclusions and Future Perspective

In conclusion, the quest for efficient photocatalytic materials hinges on the crucial
stability and durability requirements during real-time operation. While certain materials
like metal sulphides and chalcogenides initially exhibit high photocatalytic activity, they
were prone to photocorrosion under irradiation. Bycontrast, titanium dioxide (TiO2) stands
out as a highly stable photocatalyst with significant catalytic prowess. Among the various
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phases of TiO2, the anatase phase emerges as the most active, although it necessitates short-
wavelength light, typically around 350 nm, to initiate its catalytic activity. Researchers had
actively explored doping with both metals and non-metals to harness TiO2

′s potential in
the visible region and reduce carrier recombination rates.

However, it is crucial to acknowledge that doped photocatalysts come with certain lim-
itations. Metal doping, for instance, can result in unstable materials prone to corrosion, with
the metal dopant leaching over time, leading to a decline in photocatalytic activity [139].
On the other hand, non-metal doping often demands stringent preparation conditions, and
maintaining an optimal dopant loading is paramount; otherwise, it can significantly impair
the photocatalyst’s activity. In response to these challenges, researchers hadincreasingly
turned to co-doping with metals and non-metals as a strategy to mitigate the limitations of
single-element doping. Metal–organic frameworks have attracted attention as potential ad-
sorption and photocatalyst candidates for degrading organic contaminants. However, they
suffer from limitations like metal ions and ligands leaching into the solution. To improve
the structural stability, photocatalytic, and adsorptive ability during real-time operations,
doping with graphene oxide, silver, and activated carbon for preparing MOF-based com-
posites had been carried out. However, most of the studies report the performance of
these composites in synthetic wastewater. Rigorous studies need to be performed to test
the stability of these composites in industrial wastewater to ascertain their suitability for
working with real-time effluents [140].

Although many studies have reported the enhancement of photocatalytic activities
of doped catalysts, more studies need to be reported on the physicochemical stability
and reusability of the doped photocatalysts while handling large volumes of industrial
effluents. Rigorous studies need to be carried out on the possible combination of doped
photocatalyst-based pollutant removal with biological means and electrodynamic removal.
The fundamental quantification of the doped photocatalysts’ reactivity, toxicity, and fate
must be reported [141].

In volatile organic compound (VOC) degradation, metal/metal co-dopants, such as
silver and vanadium co-doping in TiO2 nanoparticles, had served a dual role: ensuring
uniform metal dispersion on the photocatalyst and creating oxygen vacancies. In the case of
non-metal co-dopants, research had demonstrated that co-doping with carbon and nitrogen
in TiO2 can synergistically enhance VOC degradation without altering the catalyst’s mor-
phology [142]. However, it is important to note that co-doping may also present challenges,
including the potential for enhanced electron–hole pair recombination and nanoparticle
shielding effects. Therefore, comprehensive studies are needed to investigate the impact of
doping on photocatalyst structure and stability, identify optimal process parameters for
maximising doped photocatalyst efficacy while minimizing dopant leaching, and assess the
performance and stability of doped catalysts in large-scale industrial systems, particularly
in reactors with high-temperature conditions and agitator speeds.

In the field of adsorbents, doping carbon-based materials with nitrogen holds promise
for enhancing adsorption capabilities and improving CO2/N2 selectivity. Nitrogen doping
facilitates CO2 uptake by enhancing the surface area and promoting interactions between
acidic CO2 molecules and basic nitrogen functionalities. Notably, co-doping with nitrogen
and oxygen had yielded adsorbents with the highest CO2 adsorption capacity. However,
the highest CO2/N2 selectivity was achieved when the doped adsorbent featured abundant
basic nitrogen functional groups, such as pyridinic and pyrrolic groups, regardless of the
specific surface area. Hence, synthesising carbon-based adsorbents with optimized ultra
microporous surface areas and essential basic heteroatoms was crucial to achieving high
CO2 uptake values and selectivity [143].

The overall adsorption efficiency of an adsorbent was governed by the various mass
transfer resistances encountered during the operation, and an in-depth analysis of the effect
of doping on the mass transfer resistance needs to be carried out. For instance, in the case of
fixed-bed adsorbents, the modelling of transport equations depends upon the mass transfer
mechanism from the adsorbate to the adsorbent phase. Both intraparticle and external film
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resistances need to be considered. The relative significance of the two mass transfer resistances
is governed by the Biot number (kL/D), where D is the internal diffusion coefficient, k is
the external film coefficient, and L is the characteristic dimension. The Biot number ranges
from 5–500 in fixed beds, indicating significant mass transfer resistance in the particles. It
had been observed that micropore diffusion resistance predominates over macropore and
film resistances [103]. However, a detailed study on the mass transfer effects affecting the
performance of the doped adsorbents in different contacting devices needs to be carried out
to establish the viability and suitability of the adsorbent in real-time operations.

Looking ahead, further advancements in the field of photocatalysts and adsorbents
should focus on addressing these challenges and optimizing doping strategies to meet the
growing demand for efficient and sustainable environmental remediation technologies. Ex-
tensive research in large-scale systems, industrial reactors, and real-world applications will
be instrumental in realizing the full potential of doped materials in tackling environmental
pollution and promoting a cleaner, healthier future.
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