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Abstract: Iron-doped titanium dioxide nanoparticles are widely employed for photocatalytic appli-
cations under visible light due to their promising performance. Nevertheless, the manufacturing
process, the role of Fe3+ ions within the crystal lattice of titanium dioxide, and their impact on
operational parameters are still a subject of controversy. Based on these assumptions, the primary
objective of this review is to delineate the role of iron, ascertain the optimal quantity, and elucidate its
influence on the main photocatalysis parameters, including nanoparticle size, band gap, surface area,
anatase–rutile transition, and point of zero charge. Moreover, an optimized synthesis method based
on comprehensive data and insights from the existing literature is proposed, focusing exclusively on
iron-doped titanium oxide while excluding other dopant variants.
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1. Introduction

Heterogeneous photocatalysis, using semiconductor nanoparticles, is a promising
technology for the removal of bio-refractory substances from contaminated water [1].
The development of nanostructured photocatalysts with enhanced and implementable
structural, morphological, and electronic properties [2,3] proved to be effective in the
treatment of industrial wastewater.

The efficacy of heterogeneous photocatalysis lies in the ability to harness sunlight or
alternative light sources to activate catalytic processes capable of removing contaminants
from water [4–7]. The semiconductors exhibit a valence band (VB) filled with electrons
alongside a conduction band (CB) characterized by higher energy and an absence of elec-
trons, establishing a well-defined band gap. Heterogeneous photocatalysis employed for
water decontamination from organic substances involves the absorption of light with a
specific wavelength by the photocatalyst. This process induces the excitation of electrons, fa-
cilitating their transition from the valence band to the conduction band of the photocatalyst.
Consequently, this electron movement generates positive holes (hVB

+) within the catalyst’s
VB, possessing a potent oxidative potential. These positive holes effectively reduce ad-
sorbed H2O molecules, producing free hydroxyl radicals OH, while electrons (eCB

−) in the
CB, notwithstanding their lower reduction potential compared to the oxidation potential of
positive holes [8], are caught by oxygen molecules, leading to the formation of the super-
oxide radical anion O2

−·. Free hydroxyl radicals stand out as powerful oxidizing agents,
with an oxidation potential of 2.80 V: they can mineralize any organic compound adsorbed
on the particle surface to yield water and carbon dioxide [4,5,9]. The direct oxidation effect
of organic compounds by positive holes has also been hypothesized (any species with
unpaired electrons or conjugated π bonds can be subject to oxidation by photogenerated
positive holes) [4,10].
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Surface OH groups actively take part in the photodegradation process by acting as
trapping sites for hVB

+, leading to the formation of highly reactive hydroxide radicals.
Alternatively, these groups may facilitate the absorption of substrate molecules. Figure 1
provides a schematic representation of the photochemical activation of titanium dioxide
and the consequent formation of hydroxyl radicals.
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Figure 1. Schematic representation of the photochemical activation of titanium dioxide and the
formation of radical species responsible for the oxidative degradation of organic pollutants.

Despite considerable efforts devoted to the investigation of photocatalytic mechanisms,
the practical implementation of photocatalysis at the industrial scale remains circumscribed.
The main issue limiting the transition from laboratory experimentation to large-scale
application is the lack of facile and environmentally sustainable methodologies for the
large-scale production of high-performance photocatalysts under visible light [11].

2. Advanced Photocatalyst

Photocatalytic materials have gained considerable interest due to their numerous
applications. Through appropriate modifications, these materials can effectively overcome
limitations in process efficiency [12]—hence the term “advanced catalysts”.

Their great advantage is that they can harness solar radiation. For photocatalysts
such as titanium dioxide (titania, TiO2), the most exhaustive scrutiny has been carried
out [13–15] due to its cost-effectiveness [16], stability [17,18], widespread availability, and
heightened activity [9,19]. A modification is essential to enhance its photochemical and
adsorptive performances, especially to be active under visible light [13,20]. The primary
drawback of titania is that its activity is only limited to UV radiation (λ ≤ 387 nm) due
to its wide bandgap (3.2 eV) [21]. Only UV photons have sufficient energy to overcome
this bandgap, thus promoting photocatalysis [20]. However, titania possesses a high rate
of recombination of photogenerated electron-hole pairs, significantly limiting achievable
quantum yield [22].

Consequently, doping titania nanoparticles with heteroatoms to reduce the bandgap,
shifting the absorption edge towards longer wavelengths, has become a common prac-
tice [23]. This modification allows the photocatalyst to be active under visible light, min-
imizing charge recombination and achieving the ideal nanoscale size for photocatalytic
applications [22]. It is widely accepted that a lower recombination rate strongly improves
photocatalytic efficiency [23].
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Among potential heteroatoms, iron is highly favored for doping titania [24,25], as
shown in Figure 2, due to its cost-effectiveness [26] and efficacy. Additionally, its atomic
radius, similar to titanium (0.61 Å for Ti4+ hexacoordinated and 0.55 Å for Fe3+ hexa-
coordinated) [27], facilitates the simple substitution of iron into the crystalline lattice of
titanium [28,29]. While other authors may report slightly different values, they remain
closely comparable, such as 0.645 Å for Fe3+ and 0.604 Å for Ti4+ [30,31] or 0.64 Å for Fe3+

and 0.68 Å for Ti4+ [32,33].
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Figure 2. Number of publications on doped titanium dioxide with different transition metals for
photocatalytic applications.

Figure 2 shows the number of publications related to various transition metals, in-
cluding Fe, Cu, Zn, Cr, Ni, Co, and Mn, particularly in the framework of photocatalysis
processes employing titanium dioxide. Furthermore, it also provides the total number of
publications associated with iron-doped titania across all applications. Most of the publi-
cations on iron-doped titania are focused on its utilization in photocatalysis, constituting
over half of all studies on iron-doped titania. Indeed, in 2023, there were 5716 publications
on iron-doped titania, with 3757 exclusively dedicated to photocatalysis, representing 66%
of all publications on iron-doped titania.

The extensive literature on iron-doped titania for photocatalysis purposes underscores
its significance and appeal within the scientific community. This trend not only highlights
the prevalence of iron-doped titania in photocatalytic applications but also shows its
comparative advantage over alternative transition metal dopants, especially in the context
of water treatment and environmental remediation.

Understanding the pivotal role of iron (Fe3+) in the improvement of titania photocat-
alytic properties requires examination of key photocatalysis steps: (a) the photogeneration
of positive hole–electron pairs, necessitating trapped/separated to prevent recombination;
(b) reduction and oxidation reactions involving distinct electrons and holes interacting with
appropriately adsorbed species; and (c) the progression of intermediates, desorption of
products, and surface reconstruction. Iron predominantly influences steps (a) and (b) in a
complex manner, demanding comprehensive exploration and discussion for optimizing
the photocatalytic process [34].

It is worth emphasizing that the concept of doping is sometimes interpreted literally
as the integration of isolated heteroatoms (in this case, Fe3+) into a solid solution within
the TiO2 framework. However, it is commonly used to describe the deposition of small
oxide particles or, more generally, a secondary phase (e.g., Fe2O3) onto the surface of TiO2.
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Nonetheless, the mechanism for enhancing the photochemical response of TiO2 differs
significantly between surface-deposited or doped Fe3+/TiO2 or Fe2O3/TiO2. In the former
case, a reduction in the bandgap of the photocatalytic semiconductor occurs, while in the
latter, a charge transfer to TiO2 from the deposited oxide is realized, known as coupling [35].

However, as discuss more comprehensively in this review, distinguishing between
these mechanisms can sometimes be challenging. Nevertheless, it is crucial to do so to
justify the occasionally conflicting properties of the materials; indeed, the catalytic role
during photooxidation processes remains controversial due to the significant structural
modifications it can induce in the photocatalyst [36]. These alterations concerning nanopar-
ticle size, the anatase-to-rutile phase transition, bandgap, surface properties, etc., are often
interrelated and can either enhance or diminish photocatalytic performance [37–39]. For
instance, Fe3+ cations are thought to act as scavengers for photogenerated electrons during
the photocatalytic process in the titania structure [40]. However, discrepancies emerge
concerning their impact on enhancing electron-hole recombination properties [23]. Some
authors propose that Fe3+ serves as a trapping site for both electrons and positive holes,
especially at high concentrations [41]. Conversely, other studies show that Fe3+ exclusively
traps positive holes, with electrons being captured by surface Ti4+ [42], or that it promotes
charge separation [23].

Li X. et al. (2003) found that Fe3+ can trap photogenerated charges at different sites
simultaneously. Positive hole trapping is specifically linked to surface Fe3+, whereas
electron trapping is associated with bulk Fe3+ [43].

In general, achieving optimal photocatalytic properties typically involves doping at
a relatively low level, usually below 1% [22]. However, the optimal dosage depends on
nanoparticle size, diminishing as particle size increases. This trend arises because, in larger
particles, charge recombination predominantly occurs in the bulk, whereas in smaller
particles, it primarily takes place on the surface [42]. This phenomenon is linked to the
recombination process dynamics, which can be associated with the distance between dopant
cations in the titania structure [44]. Furthermore, changes in surface properties induced
by doping can significantly contribute to explaining the photocatalytic performance of
the system. The photocatalytic behavior of a material is determined by various physical,
chemical, and electronic parameters that are often challenging to correlate. Photoactivity
results from a balance of these factors, some of which frequently play conflicting roles [45].

To enhance photocatalytic performance, it is crucial to carry out a thorough inves-
tigation into how the quantity of iron affects the properties of the photocatalyst and,
consequently, its photocatalytic activity. This relationship is intimately linked to mor-
phological properties, as the photocatalytic activity is intricately correlated with these
characteristics [29,46].

3. Modification of Titanium Dioxide by Iron
3.1. The Size of Nanoparticles

Titanium dioxide nanoparticles exhibit a spherical morphology [47,48], with their
sizes dependent on the synthesis method employed. Common methods include sol-gel,
co-precipitation, and hydrothermal approaches, with synthesis temperature also impacting
nanoparticle sizes [29].

Nanoparticle size holds significant importance for catalysis, influencing the specific
surface area of a catalyst. Smaller particle sizes enhance the number of specific active
surface sites, thereby promoting charge carrier transfer in photocatalysis. However, Z.
Zhang et al. (1998) noted that photocatalytic efficiency does not monotonically increase
with decreasing particle size. An optimal size of approximately 10 nm was identified for
pure nanocrystalline TiO2 photocatalyst in the liquid-phase decomposition of chloroform
due to the antagonistic effect of increased surface recombination of the positive hole–
electron pair [42]. C. Almquist (2002) observed a similar phenomenon, noting significant
variation in photocatalytic performance below 30 nm due to reduced likelihood of charge
recombination, with an optimal size of approximately 25 nm [49]. For particles exceeding
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this value, the available surface area for redox reactions diminishes as particle size increases.
The introduction of iron, typically in the form of iron ions (e.g., Fe3+), reduces the size of
titanium dioxide nanoparticles [50], as depicted in Figure 3.
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Figure 3. Size of TiO2 nanoparticles as the amount of iron used for different syntheses [38,48,51–59].

For instance, I. Mwangi et al. (2021) reported an average diameter reduction from
13.7 nm for pure titania to 10.8 nm for iron-doped samples [47]. Similarly, Z. Ambrus et al.
(2008) observed a decrease in nanoparticle size from 30 nm to 16 nm with an increase in iron
content to 10%. Additionally, a progressive distortion in the nanoparticle shape, developing
a more elongated form, was noted [54].

In our earlier investigation [48], we observed that nanoparticle sizes decreased from
62.8 nm to 39.9 nm upon the addition of iron to titania. Iron exerts a crystal growth
suppression effect on TiO2, hindering particle contact and inhibiting crystal growth during
heat treatment [6]. Given the slightly smaller radius of Fe3+ compared to the channels
along the c-axis of pure TiO2 (0.77 nm), Fe3+ may preferentially diffuse along the c-axis [60],
substituting for Ti4+ in the TiO2 lattice and causing lattice expansion due to elongation
of the tetragonal cell parameter [22]. This leads to lattice deformation [38], impeding
grain growth. An increase in iron content substantially alters the morphology of TiO2
nanoparticles, causing them to lose their characteristic spherical shape and appear more
agglomerated, although low iron levels have a minimal impact on morphology [61].

N. Abbas et al. (2016) reported that in samples with high iron content (35%), fine
granular nanostructures became larger and more dispersed, as shown in SEM images
(Figure 4).

The crystallite size increased from 21.5 to 62.1 nm, and the shape changed to a mix
of spherical nanoparticles and rod-shaped structures with a length of approximately
84 nm [56] as lighted with red lines.

In summary, the morphology of titanium dioxide nanoparticles is significantly influ-
enced by iron content, impacting their dimensions. Specifically, the addition of iron reduces
both crystallites’ [55] and nanoparticles’ [52] sizes. This alteration is often accompanied,
although not universally, by an increase in specific surface area. Beyond a certain threshold
(around 10%, corresponding to a Fe/Ti ratio of 0.1), the reverse process occurs, leading
to nanoparticle enlargement, likely induced by the transformation of anatase to rutile
activated by iron [62]. In any case, iron contributes to rendering the nanoparticles more
heterogeneous, causing them to deviate from their characteristic spherical shape.
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3.2. Band Gap of Semiconductor

The incorporation of heteroatoms into the crystal structure of semiconductors, such
as titanium dioxide, has the potential to decrease their band gap [63]. This is particularly
evident when iron is integrated into the lattice of titania. Absorption below 380 nm
(approximately 3.1 eV) is associated with the intrinsic band gap absorption of pure TiO2 [64]
(3.0 eV for the rutile phase and 3.2 eV for the anatase phase [41]). Iron doping induces
absorption in the visible region, typically at 400 and 500 nm, intensifying with increasing
iron content. These absorptions are linked to the excitation of 3d electrons of Fe3+ ions
into the conduction band of TiO2 (charge transfer transition) [65], resulting in a band at
around 400 nm [22]. Iron does not impact the valence band of TiO2 [45]. For higher iron
concentrations, an additional band around 500 nm is observed, possibly due to the d–d
transition of Fe3+ [38,66] or the charge transfer transition between interacting iron ions
(2Fe3+→ Fe4+ + Fe2+) [22], with the maximum interaction occurring at approximately 1.5%.

Furthermore, iron induces the formation of structural defects, including oxygen va-
cancies [44]. Oxygen vacancy formation allows electrons to migrate from O 2p states in the
valence band to Ti 3d states in the conduction band. Ti3+ states, produced by trapping elec-
trons in defective sites, accumulate and reflect the number of defect sites [44]. Each Ti atom
surrounding the removed oxygen can capture one of these electrons, forming Ti3+-related
defect states within the bandgap, reducing the conduction band [44]. Ti3+ sites, increasing
with decreasing nanoparticle size, serve as photocatalytically active sites and behave as
coordinatively unsaturated ions. Therefore, their study, particularly in photooxidation and
photocatalysis, deserves special attention [67].

The introduction of iron into the crystalline structure of titania significantly reduces
the band gap (Figure 5). Even minor amounts of iron (up to a molar ratio of Fe/Ti of
0.1) drastically reduced the band gap from the 3.2 eV of pure titania to approximately
2.1−2.5 eV [6]. These values make the catalyst active under visible radiation [40], and the
reduction in the band gap is due to the formation of the Fe–O–Ti bond in the crystal lattice
of TiO2 [51].
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Figure 5. Band gap of titanium oxide doped with iron at varying Fe/Ti ratio [6,31,38,48,51,56,61,68–78].

Beyond a molar ratio of Fe/Ti of 0.1, a stabilization of the band gap is observed
around approximately 1.9–2.1 eV, approaching the band gap value of hematite. This
implies that limited quantities of iron (<10%) are required to reduce the band gap. Higher
quantities do not induce a drastic decrease because iron, beyond this percentage, is no
longer effectively incorporated into the crystal lattice of titania, surpassing the solubility
limit of iron in titania. Excess iron tends to form a separate phase on the surface of titania,
primarily as hematite (α-Fe2O3) [31,61], goethite (α-FeOOH) [54], ilmenite (FeTiO3) [35], or
Fe2TiO5 (pseudobrookite) [29,34], especially favored at high calcination temperatures [38]
(800–1000 ◦C [29]). The coexistence of multiple phases cannot be excluded, as observed by
our previous work [48] with 2% iron loading. Notably, iron exhibits a higher tendency than
other transition metals (Co, Cr, Cu, and Mo) to form separate phases as iron oxide [45].
Attention is required for the segregation of surface iron, as Fe2TiO5 and Fe2O3, despite
possessing a reduced band gap (2.18 eV [29] and 2.00–2.20 eV [32], respectively), exhibit
low photocatalytic activity and could occupy active sites dedicated to the adsorption of
contaminants and photocatalytic degradation. Therefore, meticulous control of the dopant
quantity and distribution is crucial.

Several authors have reported a solubility limit of around 1% (for anatase) using
conventional doping techniques [22,36,43,63]. For instance, D. Cordischi et al. (1985)
found a Fe solubility of about 1% in anatase using wet preparation techniques, such as
co-precipitation followed by high-temperature calcination. The solubility in rutile was
only 0.1% (Fe/Ti 0.001) [34]. Iron is less soluble in rutile than in anatase due to the latter’s
symmetric nature, resulting in additional tunnels with larger volumes. These tunnels
can accommodate cations or anions of significant dimensions introduced during crystal
synthesis [79], contributing to greater solubility in anatase [29,37].

Li X. et al. (2003) observed a solubility limit of 1 at. % Fe in anatase prepared by a
sol-gel process followed by annealing at 450 ◦C for 2 h [43]. Z. Zhang et al. (1998) reported
that up to a 1% iron content in TiO2 using the sol-gel method followed by hydrothermal
treatment did not result in secondary phases [42]. Litter M. (1996) noted that iron initially
present on the surface diffuses into the bulk, producing a solid solution. Samples containing
up to 1% Fe substitutional solid solutions with dispersed Fe3+ in the TiO2 lattice. Higher
iron contents host excess iron in the form of tiny particles or small aggregates of iron oxides
(hematite) and/or mixed oxides (Fe2TiO5) on the surface of the solid solution particles [29].
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Even with less conventional techniques like the solid-state method, a separate iron
phase was observed at 1% iron [48]. A more in-depth study revealed that approximately
10% of the introduced iron formed the segregated phase, with the remaining fraction
effectively incorporated into the TiO2 lattice [80].

W. Teoh (2007) observed iron segregation at Fe/Ti ratios of 0.05, notably higher than in
previously reported studies, due to the extreme conditions of doping through flame spray
pyrolysis [27]. Z. Wang et al. (2001), using the same technique, demonstrated the formation
of the Fe phase at a Fe/Ti ratio of 0.10 [81]. Flame spray pyrolysis (FSP) may yield a higher
solubility limit of Fe in TiO2 compared to conventional techniques.

Solubility is also influenced by the type of TiO2 and its predisposition to incorporate
iron. Using Degussa P25, the iron-segregated phase formed at Fe/Ti ratios as low as 0.005,
consistent with the observed band gap [48]. The reduction in band gap was less pronounced,
indicating that Degussa P25 did not incorporate Fe ions into its lattice, resulting in fewer
bonds responsible for reducing the Fe–O–Ti band gap.

This phenomenon could be due to the homemade titania having more structural
defects compared to Degussa P25, facilitating greater ease for Fe3+ ions to diffuse into
the crystalline lattice. This resulted in a more significant decrease in the band gap [60].
Another critical factor influencing diffusion is the calcination temperature during synthesis.
Elevated temperatures (above 300 ◦C, with a recommended range of 600–700 ◦C) promote
the diffusion of iron into the crystalline lattice of titania [60]. This is crucial for preventing
non-uniform diffusion, primarily near the catalyst’s surface, and facilitating diffusion
towards the center.

In addition to calcination temperature, the doping strategy also influences diffusion.
For instance, Sonia J. (1991) demonstrated that samples prepared via co-precipitation
allowed for less iron diffusion into the lattice compared to the impregnation method [36].

In summary, the solubility limit of iron in the TiO2 structure is influenced by doping
strategy, material characteristics (such as the presence of structural defects), and synthesis
methodology. Generally, the solubility limit is around the Fe/Ti ratio of 0.01. However, a
significant reduction in band gap occurs up to Fe/Ti ratios of 0.1. This suggests that the
segregated iron on the photocatalyst surface also contributes to the band gap reduction [35],
likely due to the formation of Fe–O–Ti bonds at the heterojunction of the two distinct phases.
However, this does not consistently translate to improved photocatalytic performance.

3.3. Surface Area

The presence of low iron concentration inhibits the growth of the titanium dioxide
crystalline lattice [82,83], resulting in smaller grain size (pore) and increased surface area,
which is beneficial for photocatalysis by enhancing contaminant adsorption, especially in
mesoporous structures, providing more active sites for photocatalytic reactions [49]. For
instance, J. Zhu et al. (2006) observed a rise in the specific surface area of TiO2 nanoparticles
with 0.5% iron from 140 to 159 m2/g [38]. Similarly, C. Almquist (2002) reported an
increase in surface area at an iron content of 0.5% from 69 m2/g for the pure TiO2 sample
to 120 m2/g [49].

N. Jamalludin (2011) observed an increase in titania surface area with low iron content;
pure TiO2 exhibited 43 m2/g, while 0.4 mol % Fe3+ incorporation increased the surface area
to 74 m2/g [84], reaching 85 m2/g at 0.8 mol % Fe3+. Beyond 1.0 mol% Fe3+, the surface
area decreased from 85 to 73 m2/g.

Careful consideration of iron concentration is crucial, as excessive iron, beyond the
solubility limit, may deposit as oxide [34], causing pore blockage [74] and decreasing
surface area [69,85].

Shi X. (2019) observed a decrease in surface area from 120 to 107 m2/g with an increase
in iron concentration from 0.5 to 2.0%. Additionally, the pore volume reduced from 0.26 to
0.21 cm3/g, and the average diameter decreased from 10.8 to 10.5 nm [74].

I. Ganesh et al. (2012) experienced an increase in surface area from 23.25 m2/g to
65.92 m2/g with 0.1% weight of Fe [86], but a gradual decrease with increasing concen-
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tration, reaching 48.82 m2/g at 10% due to the pore blockage of the support by metallic
oxides [45]. Ao J. (1999) observed a progressive decrease in surface area from 57 to 45 m2/g
with 0.5 to 5.0% iron loading [37].

Z. Li et al. (2008) observed a smoother surface with Fe-doped TiO2 nanoparticles,
leading to decreased specific surface area [52] from 113 m2/g for undoped TiO2 to 111 and
108 m2/g, respectively, for 1% and 5% Fe. Y. Zhang et al. (2021) reported reduced surface
areas and porous volumes with >10% iron loading due to denser α-Fe2O3 nanoparticles
occupying the interparticle voids of TiO2 [61].

Adan C. (2006) stated that beyond 0.7%, excess iron segregates, occluding the pores
and reducing their volume, average diameter, and surface area [22].

However, the surface area appears to be weakly dependent on iron, as shown in
Figure 6.
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Figure 6. BET surface area of iron-doped TiO2 nanoparticles at varying Fe/Ti ratio [22,31,51–54,56–
59,62,71,74,84,86–92].

Iron has minimal impact on surface area beyond a threshold Fe/Ti ratio of 0.1, with
only a slight decrease. Calcination temperature significantly affects surface area, necessitat-
ing control below 600 ◦C and iron concentration below 0.5% for optimal photocatalysts [93].
M. Qamar et al. (2014) found the highest photocatalytic activity at 450 ◦C, indicating a
compromise between surface area and crystallinity [94]. M. Litter (1996) reported a similar
result: decreasing surface area with increasing calcination temperature, emphasizing the
need to control dopant concentration and optimize temperature between 450 and 600 ◦C
for a large surface area (Figure 7).

The surface area decreased as the calcination temperature increased. Specifically, for
the impregnation method, the surface area decreased from approximately 30 m2/g (at
500 ◦C) to 1 m2/g (at 1000 ◦C). A similar trend was observed for samples prepared using
the co-precipitation method, albeit with less consistency in surface area due to different
preparation methods. In contrast, the iron content, while introducing variations, did not
significantly influence the surface area, except for iron contents between 0.5 and 2%. For
instance, using the impregnation method, the surface area of the sample calcined at 650 ◦C
decreased from 17 m2/g (with 0.5% iron content) to 9 m2/g (for the sample containing
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5% iron). It is advisable to carefully control the dopant concentration, as an excess, likely
above 0.5%, causes a moderate decrease in specific surface area due to pore occlusion.
Furthermore, the optimal temperature for achieving a large surface area appears to be
between 450 and 600 ◦C.
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3.4. Anatase to Rutile Transition

In addition to the calcination temperature, which promotes the formation of anatase
beyond 370 ◦C [43] and the formation of rutile beyond 500 ◦C [79], considering the treat-
ment time is crucial since the process is time-dependent, involving a reconstructive-type
transformation [95,96]. Furthermore, iron is recognized as a promoter of rutile forma-
tion [97] more than other elements such as V and Cr [35]. This phenomenon is particularly
evident when these elements are dissolved in a solid solution [29]. The rutile phase can
be observed even at 400 ◦C during calcination when iron is present in high concentrations
(>2% [43]).

The anatase phase is preferred for photocatalytic [7] and photovoltaic reactions due to
its crystalline structure [41]. The higher band gap promotes the swift migration of charge
carriers and inhibits positive hole–electron recombination [96]. This is owing to the specific
structure with slightly greater distortion in the anatase phase compared to the rutile phase.
In rutile, the energy level of the conduction band closely aligns with the reduction potential
of O2, delaying oxygen radicalization [10]. Additionally, anatase possesses a slightly higher
Fermi level and a higher degree of surface hydroxylation compared to rutile, and its
formation occurs at a lower temperature (T < 600 ◦C). This results in a larger available
surface area for absorption and catalysis [98–100]. Furthermore, anatase is widely available
and cost–effective. Therefore, iron could be perceived as an antagonist to photocatalysis.

Trivalent iron (Fe3+) induces oxygen vacancies to maintain local charge neutrality,
given its lower oxidation state compared to Ti4+ in the titanium dioxide structure, promot-
ing rutile formation, as commonly observed with ions having a smaller radius and lower
valency than Ti4+ [46]. The presence of oxygen vacancies makes the material less “rigid”
and more prone to reorganization of bonds towards thermodynamically more stable states,
such as rutile [96].

Iron induces relaxation of the apical Ti−O bond in anatase, inhibiting the formation
of surface Ti3+ due to its multi-valency. Transitioning between Fe2+ and Fe4+ can balance
charge excesses, promoting the phase transition from anatase to rutile. The ability of
iron to hinder the formation of surface Ti3+ and induce Ti−O bond relaxation facilitates
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this transition. Elevated surface Ti3+ levels hinder the phase transition from anatase to
rutile [28].

Furthermore, the multivalence of iron induces additional oxygen vacancies as it has
the capability, during high-temperature calcination, to undergo reduction from Fe3+ to
Fe2+, causing the oxidation of oxygen to molecular oxygen. Experiments with Al3+ [28],
having the same valency as Fe3+ and a similar ionic radius, lead to the inhibition of rutile
formation. The use of Fe2+ also fails to promote rutile formation as it cannot induce oxygen
vacancies in the titanium dioxide lattice [96].

Nasralla N. (2020) observed that, at the same calcination temperature (600 ◦C), the
anatase phase was 17% with a 3% iron load but completely disappeared (quantitatively
converting to rutile) at 8% iron load [41].

The significant role of iron and, notably, the decisive influence of the calcination
temperature is evident in Figure 8. Notably, the specific duration of calcination, typically
ranging from 1 to 4 h, has not been considered, except in the study by J. Navio (1998),
where the sample was subjected to a 24-h treatment at 500 ◦C [37].
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For excessive amounts of iron, the rutile phase decreases as non-negligible pseudo-
brookite formation occurs [103] due to iron oxide segregation.

However, a mixture of anatase and rutile phases is optimal for photocatalytic processes
compared to single-phase crystals [105,106]. The enhanced activity is due to the hetero-
junction formation between different phases, efficiently separating spatial charges and,
consequently, improving the TiO2 quantum yield [107]. Given the slightly lower conduction
band of rutile than anatase (approximately 0.2 eV), photogenerated electrons preferentially
transfer from anatase to the rutile band, while positive holes follow the reverse process [21],
leading to distinct photogenerated charges separation. Therefore, the mixture of anatase
and rutile phases can effectively suppress the electrons and holes recombination, localizing
them in rutile and anatase, respectively [41].

The intimate contact between the two phases is crucial to enhance the photocatalytic
activity of mixed-phase TiO2 [108]. Numerous studies have demonstrated that there exists
an optimum ratio between the two phases of TiO2 to maximize photocatalytic activity,
highlighting the need to explore effective methods for synthesizing mixed-phase TiO2 with
close contact and a suitable ratio of the two phases [106].

Materials with a higher anatase/rutile ratio, typically 80:20, such as Degussa P25, a
nanocrystalline material obtained through flame pyrolysis [96], exhibit superior photocat-
alytic activity [13,61]. A partial conversion towards rutile is desirable, even if induced by
iron, as observed in a study by R. Bacsa (1998) where multiphase material of 70% anatase
and 30% rutile showed enhanced performance [109].
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High quantities of iron disrupt the octahedral structure of TiO2 to such an extent that
it leads to the formation of an amorphous phase in the overall material structure [35,81].

3.5. Charge Recombination

The trivalent iron (Fe3+) acts as a trap for both positive holes and photogenerated
electrons, thereby increasing the lifetime of the photogenerated pair [52] and inhibiting
their recombination [42]. Typically, the lifetime of photogenerated charges in titanium
dioxide is around 200 microseconds [110], with the transfer of the photogenerated electron
from TiO2 to O2 ranging from microseconds to milliseconds [44]. However, iron addition
(0.5%) increases the lifetime to 50 milliseconds [63]. Higher charge carrier concentration
induces a corresponding increase in photocatalytic reactivity [64], posing a crucial aspect in
overcoming bottlenecks in photocatalytic processes [44]. Additionally, iron induces oxygen
deficiencies [41] and undercoordinated titanium atoms in the TiO2 structure, acting as
an electron trap [28]. However, if an electron is trapped in a deep trapping site, it may
have a longer lifetime but could also have a lower redox potential, potentially decreasing
photocatalytic reactivity. The reactivity of doped TiO2 appears to be complex, dependent on
dopant concentration, the energy level of dopants within the TiO2 lattice, their d-electronic
configuration, the distribution of dopants, and the concentration of electron donors [110].
This effect is based on the presence of distinct energy levels resulting from the different
oxidation states of iron (Fe4+/Fe3+) located above the valence band of TiO2 and below the
conduction band of pure TiO2 [111].

During the initial step of the photocatalytic process, Fe2+ ions are produced as excess
photogenerated electrons mitigate from pure TiO2 to Fe3+ [36]. Due to its instability arising
from electron configuration loss (d5), Fe2+ swiftly oxidizes to Fe3+, transferring electrons to
the adsorbed O2 and forming superoxide ions [38,43]. Iron is an excellent electron acceptor
compared to Ti4+, even for electrons released from the reverse process [36]. At the same
time, Fe3+ can act as a trap for positive holes, considering its energy level (Fe3+/Fe4+)
located above the valence band of TiO2. Consequently, Fe4+ ions accept electrons and revert
to Fe3+, while −OH groups transform into hydroxyl radicals. Bulk Fe3+ ions facilitate
efficient charge separation by temporary electron trapping and extending the lifetime of
positive holes, through surface−OH groups, producing hydroxyl radicals [36]. Charge
carriers trapping (h+, e−) in different Fe3+ sites significantly enhance charge separation and
interfacial charge transfer, thus enhancing photocatalytic efficiency [43].

However, beyond the optimal concentration, reported around 0.5% by W. Choi et al.
(1994) [63] and 1% by Li X. (2003) [43], results in an exponential increase in the recom-
bination rate. This is attributed to a decrease in the average distance between trapping
sites due to the increasing number of dopants within the nanoparticle. The increased
metal–metal interactions and energy transfer between nearby ions lead to the dominance
of the concentration quenching process, becoming the predominant non-radiative decay
process [41,47], reducing photocatalytic reactivity [38].

High iron loading indices additional phases, consequently, form a heterojunction
between different phases [29]. This negatively impacts photocatalytic activity by increasing
the recombination rate [32] and reducing charge mobility. Positive holes diffusing only
20–40 Å due to rapid recombination are particularly affected. Furthermore, in hematite,
positive charges could be trapped in deep states such as Fe4+, significantly reducing their
oxidizing power.

However, the heterojunction facilitates bidirectional charge transfer, leading to a dis-
tinct separation between positive holes and photogenerated electrons, reducing the charge
recombination probability [18,61]. This occurs because the oxidation and reduction reac-
tions take place separately in two different areas of the photocatalyst [8,21]. Specifically,
electrons generated in the hematite conduction band migrate toward the TiO2 conduction
band, reacting with the adsorbed oxygen on the catalyst surface and producing the super-
oxide radical. Simultaneously, positive holes photogenerated in the TiO2 valence band
migrate towards the Fe2O3 valence band, reacting with adsorbed water to generate the
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hydroxyl radical [112]. Therefore, the formation of a segregated iron oxide phase is not
necessarily a negative phenomenon. It essentially represents a coupling between TiO2 and
iron oxide, a strategy widely used to enhance the photocatalytic performance of semicon-
ductors by coupling them with semiconductors with a lower band gap, such as Fe2O3, in
this case (2.1 eV) [113]. An example is the study carried out previously [80], where selective
leaching was performed on a titanium-based photocatalyst doped with iron to remove the
segregated iron on the surface. The results showed a significant decrease in photocatalytic
performance in the removal of rhodamine B.

3.6. pHZC

The pH of the environment significantly influences the overall efficiency of photo-
catalytic processes [98]. pH dependence can be associated with changes in the surface
charge of the photocatalyst, hydrophobicity, net charge of pollutants, changes in adsorption
modes, and the amount of produced hydroxyl radicals, thereby modifying the overall
rate. Additionally, variations in pH may introduce deactivation problems if the presence of
long-lived intermediates that inhibit the photocatalyst is favored [114]. The interaction of
electron donors and acceptors with metal oxide semiconductors is influenced by surface
chemistry and by the point of zero charge (pHZC), representing the pH value where the
coverage of H+ equals the coverage of OH−. The pHZC is closely related to the surface
acidity of a solid, and its knowledge allows for the evaluation of a surface propensity to
become either positively or negatively charged as a function of pH, making it an essential
parameter for defining or modulating the activity of a photocatalyst. Regarding TiO2, the
principal amphoteric surface functionality is the “titanol” moiety, –TiOH. Hydroxyl groups
on the TiO2 surface are known to participate in an acid−base equilibrium, where pKa1 and
pKa2, constants of the first and second acid dissociation, at the pHZC for Degussa P25, the
corresponding surface acidity constants were found to be 4.5 and 8.0 respectively, resulting
in a pHZC of 6.25 [110,115]. This implies that interactions with cationic electron donors and
electron acceptors will be favored at pH > pHZC conditions, while anionic electron donors
and acceptors will be favored at pH < pHZC conditions [110]. Adsorption of relatively
nonpolar pollutants, such as 1,2-diethyl phthalate, is enhanced at pH close to pHZC. On the
other hand, the difference in pHZC values among various TiO2 photocatalysts could affect
the reaction mechanism. Furthermore, both the type and the amount of dopant metals influ-
ence this value [91]; the pHZC values of iron-containing titania increase significantly with
the increase in metal content, indicating a surface enrichment of species with basic behavior
such as iron oxides (hematite) and goethite. Iron modifies the photocatalyst pHZC, making
it more basic [45]. For instance, A. Di Paola (2002) reported that the pHZC of titanium
dioxide increased from 7.1 to 7.4 with 1% iron and further to 8.1 with 5% iron [91]. This
implies that iron, by modifying the pHZC and subsequently altering the surface charge of
the catalyst, can change the interaction between the catalyst surface and the target molecule.
It can either promote or hinder the adsorption of the contaminant, thereby influencing
the photocatalytic performance, significantly influenced by the adsorption step necessary
for the target molecule to undergo photodegradation [36,116]. Hydroxyl radicals, due to
their instability, have a short half-life, allowing them to diffuse only about 180 Å into the
liquid bulk [117]. Therefore, they react only with molecules near the catalyst surface. The
affinity of the target species towards the photocatalyst is crucial for effective photocatalytic
degradation. This aligns with A. Di Paola (2004) observed that an increase in the amount
of iron led to an increase in pHZC and, consequently, an increase in the interaction and
degradation rate of formic acid. A similar effect for benzoic acid was observed, although
steric hindrance led to interactions not solely dependent on pHZC. Due to acetic acid’s low
acidity, a linear correlation between the surface basicity of the catalyst and the degradation
of the target molecule was not observed [45].
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3.7. Photocatalytic Performance

The photocatalytic performance is heavily influenced by the previously discussed
parameters, which, in turn, are affected by the iron content. Establishing the dependence of
photocatalysis on these parameters is very complex due to their interdependence and the
various phenomena involved. Nevertheless, various authors have studied photocatalytic
performance concerning iron content in the photocatalyst using widely varying reaction
conditions and target molecules for degradation. For example, different irradiation em-
ployed, a parameter with a substantial influence on photocatalysis, complicates direct
comparisons across studies [118]. Photocatalysis is also influenced by contaminant type
and concentration, catalyst dosage, and solution turbidity. The solution pH can also impact
the yield of the process; M. Nazari (2019) observed that at pH 4.5, the best-performing
catalyst had 0.7 mol% Fe, while at pH 2.4, it was 3 mol% Fe [119].

Several authors agree on the optimal iron dosage that yields the best performance.
For instance, Moradi H. (2016) reported that the optimal Fe3+ dosage for Reactive Red
198 degradation, in an investigation range between 0 and 10%, was 1%, attributing the
performance decrease beyond this dosage to excessive recombination of photogenerated
charges [6]. Ghorbanpour M. (2019) reported that the optimal performance in methyl
orange degradation was achieved using a catalyst containing 0.5% Fe synthesized via
the molten salt method [120]. Ochoa Rodriguez P. (2019) observed that for acid orange
7 degradation, the optimum was reached with 0.1% Fe [76]. The authors attributed these
optimal performances to relatively low Fe/Ti ratios, ensuring that iron was finely dispersed
in the crystal lattice of TiO2.

In the phenol degradation, Adan C. (2006) observed that the best performance was
achieved with an iron dosage in titania of 0.7–1%, corresponding to the maximum concen-
tration of iron incorporable into the crystal lattice of titania without forming segregated
phases of iron oxide [22]. Similarly, in the oxidation of cyclohexane, Li X. (2003) agrees on
an optimal iron dosage of 1%, attributing the decrease in performance beyond this thresh-
old to the formation of segregated iron oxide phases on the surface that deactivate active
sites dedicated to photocatalytic degradation [43]. The deleterious effect of surface iron on
photocatalytic activity was convincingly demonstrated by V. Moradi et al. (2019). Their
research showcased that the removal of surface iron through selective leaching significantly
enhanced the catalyst’s efficiency in degrading phenol [121].

Furthermore, our previous study [80] has demonstrated, in contrast with V. Moradi,
that surface−segregated iron was beneficial for enhancing photocatalytic performance.
Specifically, removing the surface iron corresponding to approximately 10% of the total
iron resulted in a decrease in the removal kinetics of rhodamine B, likely due to a reduced
ability of the material to effectively separate photogenerated charges and prevent the
recombination process, which is probably the rate-determining step under the employed
conditions. This observation implies that the optimal amount of iron is contingent upon
the specific contaminant. Consequently, the atom% of iron in TiO2 corresponding to the
maximum photocatalytic performance is documented in Table 1 through a comparative
analysis of various studies.

Table 1 reveals a notable discrepancy among authors regarding the optimal iron dosage
for methylene blue, ranging from 0.1 to 4.7%. In contrast, there is greater consensus for
phenol and methyl orange, with optimal ranges of 0.1–0.6% and 0.1–0.5%, respectively.
This observation holds interesting implications; varying iron dosages could potentially
enable the synthesis of a selective photocatalyst tailored to a specific contaminant.
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Table 1. Optimal atom% of Fe in TiO2, leading to maximum degradation, varied with different
contaminants. This analysis considered only systems exposed to visible radiation and where the
optimal % was verified within the range of % iron explored, excluding extremes.

Contaminant Atom% Fe Reference

Methylene Blue 0.1 [65]
0.1 [122]
0.3 [118]
0.7 [119]
0.9 [48]
2.7 [70]
3.0 [123]
4.7 [56]

Acid Orange 7 0.1 [76]
3.7 [71]

Methyl Orange 0.1 [73]
0.3 [124]
0.5 [120]

Phenol 0.1 [125]
0.5 [121]
0.6 [22]

Cyclohexane 1.0 [43]
Direct Blue 119 4.2 [126]

Soria J. (1991) reported that in the reduction of molecular nitrogen for ammonia
production, the most performing materials were found to have iron content of 0.2% and
0.5% [36]. In these materials, no surface–segregated iron was present. Therefore, the
observed photocatalytic activity was mainly due to Fe3+ ions diffused in the crystal lattice
of TiO2. The decrease in activity with increasing surface enrichment in Fe suggests that
surface iron negatively influences specific phases of the mechanism and/or specifically
blocks certain surface sites. Since only non-surface Fe is active (Fe2O3 and Fe2TiO5), its
role must be linked to the photogeneration and/or evolution of electrons and holes in TiO2
grains. The observed influence of these iron ions in the photoreduction of dinitrogen can
be explained by the hypothesis that they trap electrons, promoting their separation from
the holes and allowing the latter to reach the surface. This, in turn, reacts with hydroxyl
groups, giving rise to highly reactive hydroxyl radicals through surface chemical reactions.
It is interesting to compare this result with the findings of Cordischi D. (1985), as they
reached the same conclusions [34]. However, the most efficient material for ammonia
production was found to have iron content of 0.5% and 1%. In this case, too, a decrease in
photocatalytic performance was due to surface-segregated iron (Fe2TiO5). This concludes
that surface-segregated iron negatively affects the process. However, the tendency to
segregate depends on different synthesis conditions. Soria J. and D. Cordischi obtained
different solubility limits, 0.5% for the former and 1% for the latter. However, Litter M.
(1996) reported that the best performances related to the reduction of molecular nitrogen
are achieved at iron dosages of 0.2% [29].

The consideration that the band gap decreases monotonically with increasing iron
content up to a Fe/Ti molar ratio of 0.1 is noteworthy. This implies that lower band gaps do
not necessarily correspond to better photocatalytic performance, suggesting the existence
of other relevant phenomena.

To summarize, most authors analyzed in this review agree that surface-segregated
iron oxide is detrimental to photocatalytic performance. Therefore, the optimal value of
Fe to be employed often coincides with the maximum solubility limit in titanium oxide.
However, it is important to emphasize that solubility, and thus the ability of titanium oxide
to incorporate iron into the crystalline bulk, is closely dependent on the synthesis method
employed, the calcination temperature, and the presence of anatase and rutile phases.
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4. A Possible Optimized Synthesis of Nanoparticles Based on Iron-Doped TiO2

Upon reviewing the scientific literature, a potentially optimized synthesis strategy for
producing iron-doped titanium-based nanoparticles for photocatalytic treatments under
visible light has been suggested. It was observed that the most suitable nanoparticle size
ranged from 25 to 30 nm [49], achievable with an iron content of approximately 0.5%.
This parameter appears independent of the synthesis strategy, although various methods
were explored, with the majority employing the sol–gel method [50,55,127], followed by
co-precipitation [128], hydrothermal [52], and solid-state methods [48].

The chosen synthesis strategy was found to potentially impact the solubility of iron,
a critical factor in maximizing photocatalytic performance. Most authors identified the
optimum point when the iron content in the titanium crystal lattice reached its maximum
without forming segregated phases of iron oxides on the catalyst surface, which would
compromise its activity [22,43]. Optimal performance was generally reported with iron
content ranging from 0.5% to 1% [6,34,129], corresponding to the solubility of iron in
anatase [42]. Exceptions, such as the study by Z. Wang (2001) and W. Teoh (2007) utilizing
the spray pyrolysis strategy, demonstrated the possibility of achieving catalysts with 5–10%
iron content without segregated phases [81], although performance was in line with other
photocatalysis works (kinetic constant, K = 0.36 h−1) [27]. However, a precise comparison
is challenging, given that reaction kinetics depend heavily on surrounding conditions, such
as the light source used, the type of contaminant, and its concentration.

The impact of iron on surface area is minimal, with calcination temperature exerting
a more pronounced influence [29]. Elevated calcination temperature leads to a decreased
specific surface area. It is advisable to operate at relatively low temperatures, preferably
above 370 ◦C, to facilitate anatase formation (the active phase of titanium) and below 500 ◦C
to avoid excessive annealing processes and rutile formation. A desirable outcome involves
a mixture of the two phases (20–30% rutile), proving more active than pure anatase [13,61].
Given that iron promotes the anatase–rutile transition and considering the time-dependent
nature of the process, a recommended calcination temperature is approximately 450 ◦C [94]
for 1–3 h.

Up to an iron content of 0.5–1.0%, the expected band gap is around 2.8 eV for 0.5%
Fe and 2.7 eV for 1% Fe, suitable values for operation under visible light radiation. The
precursor of iron and titanium does not seem to have relevance (for TiO2, homemade
production is preferable, as it is more easily dopable than Degussa P25 [48]).

Given the considerations and the fact that the synthesis of titania nanoparticles and
doping with iron need not occur in two steps, a representative schematic of the proposed
process has been illustrated in Figure 9.
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photocatalytic purposes.

For future commercial and research applications, especially in the water treatment field,
it will be necessary not only to synthesize a high–performance photocatalyst in a simple and
environmentally friendly manner able to operate under visible light but also to develop an
effective strategy to iin my opinion they do not need an explanation in the text, they serve to
indicate the order of the stepsmmobilize the photocatalytic nanoparticles onto the surface
of the supporting material [130,131] (to avoid costly phases of catalyst separation from the
treated water [132,133]). It is worthwhile to investigate how efficacy varies with operating
conditions, aiming to identify the optimal catalyst, whose properties can be modulated
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based on the iron amount (or different dopants) used, depending on the effluent, conditions,
and the target molecule, resulting in selective degradation. Additionally, it is essential to
define accurate criteria for the selection of a photocatalytic reactor [134] with the optimal
geometry necessary to provide effective irradiation [11].

5. Conclusions

The impact of iron on various parameters governing photocatalysis has been analyzed.
It was observed that the presence of iron tends to reduce the nanoparticle size. However,
beyond a threshold value, the reverse process occurs, as the initially spherical nanoparticles
tend to elongate due to the rutile phase induced by iron. Indeed, iron serves as an excellent
promoter of the anatase–to–rutile transition, detrimental for the material since the anatase
phase is more photocatalytically active. However, a mix of the two phases is recommended
to achieve superior performance.

Iron diminishes the band gap of the semiconductor from 3.1 eV to values comparable to
hematite (1.9–2.1 eV), rendering the photocatalyst active even under visible light radiation.
Specifically, up to Fe/Ti molar ratios of 0.1, the band gap consistently decreases with
increasing iron content, settling around values of about 2.0 eV after surpassing this ratio of
0.1. Iron has the capability of extending the lifetime of the positively charged hole–electron
pair, reducing the charge recombination rate, and consequently enhancing the material’s
ability to produce hydroxyl radicals according to the photocatalytic mechanism.

Iron can alter the surface properties of titania by modifying the pH at the point of
zero charge (pHZC), thereby influencing interactions between the photocatalyst surface and
contaminants. Furthermore, it slightly alters the surface area at low dosages, while at high
dosages, it tends to decrease due to the formation of surface–segregated iron oxide that
occludes the material’s pores. Therefore, the formation of such segregated phases should
be avoided, following the examined photocatalytic performances, which were found to be
optimal around the maximum solubility limit of iron in the titania lattice, typically around
1%, depending on the synthesis strategy and conditions, especially calcination temperature.

In conclusion, a potential synthesis/doping strategy to optimize all the studied pa-
rameters has been proposed.
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of Fe3+ doped titanium dioxide nanopowders. Ceram. Int. 2012, 38, 635–640. [CrossRef]

83. Zhou, M.; Yu, J.; Cheng, B.; Yu, H. Preparation and photocatalytic activity of Fe-doped mesoporous titanium dioxide nanocrys-
talline photocatalysts. Mater. Chem. Phys. 2005, 93, 159–163. [CrossRef]

84. Jamalluddin, N.A.; Abdullah, A.Z. Reactive dye degradation by combined Fe(III)/TiO2 catalyst and ultrasonic irradiation: Effect
of Fe(III) loading and calcination temperature. Ultrason. Sonochem. 2011, 18, 669–678. [CrossRef] [PubMed]

85. Murashkina, A.A.; Murzin, P.D.; Rudakova, A.V.; Ryabchuk, V.K.; Emeline, A.V.; Bahnemann, D.W. Influence of the Dopant
Concentration on the Photocatalytic Activity: Al-Doped TiO2. J. Phys. Chem. C 2015, 119, 24695–24703. [CrossRef]

86. Ganesh, I.; Kumar, P.P.; Gupta, A.K.; Sekhar, P.S.; Radha, K.; Padmanabham, G.; Sundararajan, G. Processing and Application of
Ceramics 6. Sci. World J. 2012, 2012, 127326. [CrossRef]

87. Kundu, A.; Mondal, A. Structural, optical, physio-chemical properties and photodegradation study of methylene blue using
pure and iron-doped anatase titania nanoparticles under solar-light irradiation. J. Mater. Sci. Mater. Electron. 2019, 30, 3244–3256.
[CrossRef]

https://doi.org/10.1016/j.jcis.2020.12.008
https://www.ncbi.nlm.nih.gov/pubmed/33385848
https://doi.org/10.1016/j.jallcom.2012.10.038
https://doi.org/10.1021/j100102a038
https://doi.org/10.1016/j.jlumin.2015.12.002
https://doi.org/10.1016/j.jcis.2015.03.018
https://www.ncbi.nlm.nih.gov/pubmed/25823725
https://doi.org/10.1088/1361-6528/acc407
https://www.ncbi.nlm.nih.gov/pubmed/36917852
https://doi.org/10.1021/jp3101656
https://doi.org/10.3390/catal8120625
https://doi.org/10.1016/j.chemosphere.2006.09.037
https://doi.org/10.1016/j.ceramint.2019.03.170
https://doi.org/10.3390/ma14113105
https://www.ncbi.nlm.nih.gov/pubmed/34198890
https://doi.org/10.1155/2019/4571848
https://doi.org/10.1016/j.jece.2020.103676
https://doi.org/10.3390/catal9050426
https://doi.org/10.1016/j.jhazmat.2021.125330
https://www.ncbi.nlm.nih.gov/pubmed/33951878
https://doi.org/10.1016/j.cplett.2019.136643
https://doi.org/10.1016/j.matpr.2023.11.077
https://doi.org/10.1016/S0360-3199(01)00063-5
https://doi.org/10.1016/j.ces.2023.119290
https://doi.org/10.1016/S0032-5910(00)00321-1
https://doi.org/10.1016/j.ceramint.2011.07.053
https://doi.org/10.1016/j.matchemphys.2005.03.007
https://doi.org/10.1016/j.ultsonch.2010.09.004
https://www.ncbi.nlm.nih.gov/pubmed/20933452
https://doi.org/10.1021/acs.jpcc.5b06252
https://doi.org/10.1100/2012/127326
https://doi.org/10.1007/s10854-018-00596-z


Nanomaterials 2024, 14, 293 21 of 22

88. Miyake, Y.; Tada, H. Photocatalytic Degradation of Methylene Blue with Metal-Doped Mesoporous Titania under Irradiation of
White Light. J. Chem. Eng. Jpn. 2004, 37, 630–635. [CrossRef]

89. Charpentier, P.A.; Chen, C.; Azhie, K.; Grohe, B.; Mumin, M.A.; Lotus, A.F.; Therrien, P.; Mittler, S. Photocatalytic and antibacterial
activities of silver and iron doped titania nanoparticles in solution and polyaspartic coatings. Nanotechnology 2019, 30, 085706.
[CrossRef] [PubMed]

90. Abdul Rashid, S.; Othman, S.H.; Mohd Ghazi, T.I.; Abdullah, N. Fe-doped TiO2 nanoparticles produced via MOCVD: Synthesis,
characterization, and photocatalytic activity. J. Nanomater. 2011, 2011, 571601.

91. Di Paola, A.; Marcì, G.; Palmisano, L.; Schiavello, M.; Uosaki, K.; Ikeda, S.; Ohtani, B. Preparation of polycrystalline TiO2
photocatalysts impregnated with various transition metal ions: Characterization and photocatalytic activity for the degradation
of 4-nitrophenol. J. Phys. Chem. B 2002, 106, 637–645. [CrossRef]

92. Mancuso, A.; Blangetti, N.; Sacco, O.; Freyria, F.S.; Bonelli, B.; Esposito, S.; Sannino, D.; Vaiano, V. Photocatalytic Degradation
of Crystal Violet Dye under Visible Light by Fe-Doped TiO2 Prepared by Reverse-Micelle Sol–Gel Method. Nanomaterials 2023,
13, 270. [CrossRef]

93. Wang, J.A.; Limas-Ballesteros, R.; López, T.; Moreno, A.; Gómez, R.; Novaro, O.; Bokhimi, X. Quantitative determination of
titanium lattice defects and solid-state reaction mechanism in iron-doped TiO2 photocatalysts. J. Phys. Chem. B 2001, 105,
9692–9698. [CrossRef]

94. Qamar, M.; Merzougui, B.; Anjum, D.; Hakeem, A.S.; Yamani, Z.H.; Bahnemann, D. Synthesis and photocatalytic activity of
mesoporous nanocrystalline Fe-doped titanium dioxide. Catal. Today 2014, 230, 158–165. [CrossRef]

95. Rosa, D.; Cimini, G.; Bracciale, M.P.; Felici, A.C.; Di Palma, L. Iron-doped titania nanoparticles supported on polystyrene for
photocatalytic treatment of contaminated water in a continuous system. J. Photochem. Photobiol. A Chem. 2024, 447, 115241.
[CrossRef]

96. Hanaor, D.A.H.; Sorrell, C.C. Review of the anatase to rutile phase transformation. J. Mater. Sci. 2011, 46, 855–874. [CrossRef]
97. Long, Y.; Luo, X.; Zhang, L.; Xue, X.; Yin, Y.; Zhu, Z.; Xu, B. High-temperature transformation behavior of iron-doped titanium

dioxide crystal structures. Phase Transit. 2021, 94, 219–235. [CrossRef]
98. Carp, O.; Huisman, C.L.; Reller, A. Photoinduced reactivity of titanium dioxide. Prog. Solid State Chem. 2004, 32, 33–177.

[CrossRef]
99. Thomas, A.G.; Flavell, W.R.; Mallick, A.K.; Kumarasinghe, A.R.; Tsoutsou, D.; Khan, N.; Chatwin, C.; Rayner, S.; Smith, G.C.;

Stockbauer, R.L.; et al. Comparison of the electronic structure of anatase and rutile TiO2 single-crystal surfaces using resonant
photoemission and x-ray absorption spectroscopy. Phys. Rev. B 2007, 75, 035105. [CrossRef]

100. Tanaka, K.; Capule, M.F.; Hisanaga, T. Effect of crystallinity of TiO2 on its photocatalytic action. Chem. Phys. Lett. 1991, 187, 73–76.
[CrossRef]

101. Kissoum, Y.; Mekki, D.E.; Bououdina, M.; Sakher, E.; Bellucci, S. Dependence of Fe Doping and Milling on TiO2 Phase Transfor-
mation: Optical and Magnetic Studies. J. Supercond. Nov. Magn. 2020, 33, 427–440. [CrossRef]

102. Nasralla, N.; Yeganeh, M.; Astuti, Y.; Piticharoenphun, S.; Shahtahmasebi, N.; Kompany, A.; Karimipour, M.; Mendis, B.G.;
Poolton, N.R.J.; Šiller, L. Structural and spectroscopic study of Fe-doped TiO2 nanoparticles prepared by sol-gel method. Sci. Iran
2013, 20, 1018–1022.

103. Nasralla, N.H.S.; Yeganeh, M.; Astuti, Y.; Piticharoenphun, S.; Šiller, L. Systematic study of electronic properties of Fe-doped TiO2
nanoparticles by X-ray photoemission spectroscopy. J. Mater. Sci. Mater. Electron. 2018, 29, 17956–17966. [CrossRef]

104. Faycal Atitar, M.; Ismail, A.A.; Al-Sayari, S.A.; Bahnemann, D.; Afanasev, D.; Emeline, A.V. Mesoporous TiO2 nanocrystals as
efficient photocatalysts: Impact of calcination temperature and phase transformation on photocatalytic performance. Chem. Eng.
J. 2015, 264, 417–424. [CrossRef]

105. Kawahara, T.; Konishi, Y.; Tada, H.; Tohge, N.; Nishii, J.; Ito, S. A Patterned TiO2 (Anatase)/TiO2 (Rutile) Bilayer-Type Pho-
tocatalyst: Effect of the Anatase/Rutile Junction on the Photocatalytic Activity. Angew. Chem. Int. Ed. 2002, 41, 2935–2937.
[CrossRef]

106. Tian, B.; Li, C.; Zhang, J. One-step preparation, characterization and visible-light photocatalytic activity of Cr-doped TiO2 with
anatase and rutile bicrystalline phases. Chem. Eng. J. 2012, 191, 402–409. [CrossRef]

107. Romero-Gomez, P.; Borras, A.; Barranco, A.; Espinos, J.P.; Gonzalez-Elipe, A.R. Enhanced photoactivity in bilayer films with
buried rutile-anatase heterojunctions. ChemPhysChem 2011, 12, 191–196. [CrossRef]

108. Li, G.; Gray, K.A. Preparation of mixed-phase titanium dioxide nanocomposites via solvothermal processing. Chem. Mater. 2007,
19, 1143–1146. [CrossRef]

109. Bacsa, R.R.; Kiwi, J. Effect of rutile phase on the photocatalytic properties of nanocrystalline titania during the degradation of
p-coumaric acid. Appl. Catal. B Environ. 1998, 16, 19–29. [CrossRef]

110. Hoffmann, M.R.; Martin, S.T.; Choi, W.; Bahnemannt, D.W. Environmental Applications of Semiconductor Photocatalysis. Chem.
Rev. 1995, 95, 69–96. [CrossRef]

111. Niu, Y.; Xing, M.; Zhang, J.; Tian, B. Visible light activated sulfur and iron co-doped TiO2 photocatalyst for the photocatalytic
degradation of phenol. Catal. Today 2013, 201, 159–166. [CrossRef]

112. Khasawneh, O.F.S.; Palaniandy, P.; Palaniandy, P.; Ahmadipour, M.; Mohammadi, H.; Bin Hamdan, M.R. Removal of ac-
etaminophen using Fe2O3-TiO2 nanocomposites by photocatalysis under simulated solar irradiation: Optimization study. J.
Environ. Chem. Eng. 2021, 9, 104921. [CrossRef]

https://doi.org/10.1252/jcej.37.630
https://doi.org/10.1088/1361-6528/aaf512
https://www.ncbi.nlm.nih.gov/pubmed/30523855
https://doi.org/10.1021/jp013074l
https://doi.org/10.3390/nano13020270
https://doi.org/10.1021/jp0044429
https://doi.org/10.1016/j.cattod.2013.10.040
https://doi.org/10.1016/j.jphotochem.2023.115241
https://doi.org/10.1007/s10853-010-5113-0
https://doi.org/10.1080/01411594.2021.1931203
https://doi.org/10.1016/j.progsolidstchem.2004.08.001
https://doi.org/10.1103/PhysRevB.75.035105
https://doi.org/10.1016/0009-2614(91)90486-S
https://doi.org/10.1007/s10948-019-05169-7
https://doi.org/10.1007/s10854-018-9911-5
https://doi.org/10.1016/j.cej.2014.11.075
https://doi.org/10.1002/1521-3757(20020802)114:15%3C2935::AID-ANGE2935%3E3.0.CO;2-6
https://doi.org/10.1016/j.cej.2012.03.038
https://doi.org/10.1002/cphc.201000734
https://doi.org/10.1021/cm061817f
https://doi.org/10.1016/S0926-3373(97)00058-1
https://doi.org/10.1021/cr00033a004
https://doi.org/10.1016/j.cattod.2012.04.035
https://doi.org/10.1016/j.jece.2020.104921


Nanomaterials 2024, 14, 293 22 of 22
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