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ABSTRACT

Heterogeneous photocatalysis is a promising environmentally friendly strategy for removing contaminants of emerging concern from water, with titanium dioxide
being the most studied and exploited photocatalyst, thanks to its good optical and electrical properties. However, one of the main drawbacks linked to its use is the
limited absorption of sunlight; several strategies have been explored to enhance the absorption in visible light region and, among them, the doping with elements
belonging to the lanthanoid series is particularly attractive. This review focuses on these systems analysing the cases of Cerium, Europium and Erbium doped TiOy
and giving an overview on the structural, optical and electronic characteristics of these materials. Synthesis procedures, inserted dopant percentages, structural and
optical properties and the main operating conditions adopted in the photodegradation studies are considered. Particular attention is devoted to unravel the effect
induced by the introduction of lanthanoids on the energy gap, on the recombination rate of photogenerated electron-hole pairs and on the inhibition of phase

transition from anatase to rutile.

Introduction

In recent decades we are witnessing rapid changes in the world we
live in: rapid human population growth, urbanization, the increase of
areas dedicated to agriculture and climate change result in the scarcity
of clean water resources, making the resolution of the water crisis a
problem of paramount importance.

In addition, a widespread contamination of water due to the
conveyance through various routes of potentially toxic elements (PTEs)
and contaminants of emerging concern (CECs) is attested.

CECs encompass a wide range of organic molecules, all sharing poor
and not definitive removal during conventional wastewater treatment
plants, which include percolating filters or activated sludge, chemical-
physical treatments such as clariflocculation and mechanical treat-
ments such as filtration on activated carbon or sand filters. This results in
their release into the environment [1], where they can cause serious
damage to aquatic ecosystems as well as being harmful to human health,
since their carcinogenicity, teratogenicity, mutagenicity and their
interference with the endocrine system have been assessed by several
studies [2, 3].

Advanced oxidation processes (AOP) represent an efficient and
inexpensive method for the degradation of organic pollutants [4-6].
Among these techniques, the photocatalytic process by using transition
metal oxide semiconductor photocatalysts has been widely developed
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and found application in the abatement of CECs from aqueous matrices
[7, 8]. In particular, titanium dioxide nanoparticles exhibit the highest
efficiency in wastewater contaminants removal and is particularly
attractive as being nontoxic, inexpensive, eco-friendly, and stable over a
wide pH range. TiO nanoparticles exist in three crystallographic pha-
ses, namely rutile (thermodynamic phase), anatase, and brookite
(metastable phases). Among these, anatase is the most stable and effi-
cient in photocatalytic applications due to its less compact structure [9]
and to a higher hydroxylation of the surface-facilitated adsorption of
oxygen in the form of Oy~ or O~ [10]. The mechanism underlying
semiconductors photocatalysis involves the absorption of light energy,
which, if greater than the energy gap of the material, leads to the pho-
togeneration of electron/hole pairs. Electrons and holes thus generated
then migrate to the surface, where they can react with the adsorbed
species, such as electron acceptors or donors. Therefore, the holes in the
VB can react with water with the formation of highly reactive hydroxyl
radicals (e OH) that have very high oxidizing potential; at the same time
dissolved oxygen acts as an acceptor of electrons for the formation of the
oxygen ion superoxide (*0O3 ™), which is also highly reactive and capable
of oxidizing organic molecules [11]. The energy gap of TiO; in anatase
phase is equal to 3.2 eV, therefore it is photoactive in the UV region (A<
388 nm) and its application is limited by a very poor response to visible
light. In order to use solar energy efficiently and to reduce the
electron-hole recombination, various strategies have been developed
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such as dye sensitization [12, 13], noble metal loading [14, 15], tran-
sition metal addition [16-18], heterojunctions [19-21] and non-metal
doping [22-24]. Lanthanoid ion doping is a versatile strategy to
modulate the optical response and improve the photocatalytic proper-
ties of TiO,. Lanthanoids comprehend fifteen elements, namely La, Ce,
Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu in the periodic
table. They own unique chemical properties for photocatalytic appli-
cations and exhibit luminescent properties resulting from electronic f-f
transitions in their partially filled f orbitals, protected by the electronic
shield provided by the extern and fully filled 5s° and 5p° shells. TiO,
doping with lanthanoids allows the redshift of the absorption, the in-
crease of the transition temperature from anatase to rutile and result in
the narrowing of the band gap.

The aim of this mini-review is to investigate how doping with lan-
thanoids modifies the properties of titanium dioxide and the mechanism
of light absorption and charge carriers separation with the consequent
variation of the photocatalytic efficiency toward the degradation of
pollutants in wastewater. In particular, three elements belonging to the
class of lanthanoids are examined: cerium, europium and erbium. The
selection of the elements is due to the intention to cover the entire series
of lanthanoids, taking into consideration an element at the beginning,
one in the middle and one at the end of the series, with the aim of
describing the peculiarities resulting from the different filling of orbitals
4f.

Most of the photodegradation studies available in literature were
conducted on dyes, both because they represent a class of organic pol-
lutants that are very harmful to the environment, and because their
degradation can be easily followed via spectrophotometric measure-
ments; however, several studies on other emerging contaminants have
been selected, as reported in the following tables, where the main details
and operating conditions in which the studies were carried out are also
summarized.

Ce-doped tioy

Despite TiO5 represents the most studied and used photocatalyst, the
Ce-doped TiO3 system has not relished the same application if compared
to other doped-TiOy materials or to the bare oxide in the photo-
degradation of contaminants in aqueous environment. This probably
derives from the fact that the identification of the actual cerium char-
acter in the titanium dioxide has been incredibly harsh and a satisfying
and conclusive model of the working mechanism upon light absorption
is still absent. Nevertheless, varied investigations exploring the miner-
alization upon visible and UV irradiation of various harmful pollutants
in wastewater such as industrial dyes [25-38], aromatic compounds
[39-41] and herbicides [42-44] by Ce-TiO2 have appeared since the
early 2000s, as listed in Table 1.

The uncertainties regarding the role of Ce range from the structural
to the electronic features. However, what emerges is that the presence of
cerium stabilizes the anatase phase at higher temperatures, so inhibiting
the phase transition to rutile, regardless the synthetic approach
employed (Table 1). In this framework, the spectroscopic works of Lopez
et al [45]. and Fang et al [46]. were pivotal in determining the site in
which cerium ions localize during the synthesis process, namely in the
TiO45 shallow oxygen vacancies: this occurrence would establish the
formation of new Ti-O-Ce bond, that would transfer the anatase-to-rutile
phase transformation at higher temperature (up to 1000 K).

One of the most controversial aspect remains the incorporation of
Ce®*/4* jons in TiO, lattice rather than the formation of a CeO,-TiOy
biphasic solid. Most of the authors agree with the fact that due to the
different symmetry in which the two oxides crystalize (tetragonal for
TiO, and cubic for CeO,) and due to the different cationic size (Ce**
0.92-0.97 A; Ce3* 1.14 A, Ti** 0.61 - 0.68 A) the insertion of Ce ions in
the TiO lattice seems somewhat unlikely. However, also in large Ce
contempt, any signals attributable to some cerium phases (in oxide form
or solid solution) has been frequently detected: just in few cases the
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biphasic interface CeO»-TiO5 or the CexTi;.xO5 solid solution have been
hypothesized [31, 34, 37, 41]. Several times the absence of XRD re-
flections referred to cerium phases has been justified asserting that
cerium atom might be located in grain boundaries of TiO3 nanocrystals
[30, 41] or that the CeO, and/or Ce;O3 phases, precipitated during the
synthesis, is too much dispersed and amorphous to be detected via XRD
analysis [28, 32, 36, 47, 48]. Due to the supposed stabilization of cerium
atoms at the grain boundaries, the average crystal size of the produced
nanoparticles decreased with increasing cerium percentage, with a
consequent enlargement on the exposed specific surface area. Still
referred to this aspect, Makdee et al [26]. provided Williamson-Hall
analysis evidencing an increased lattice strain with the increment of
cerium content in the solid. Similar outcomes have been obtained by
means of Raman spectroscopy, in which the shift of the peaks at 392 and
511 cm™! (typical of anatase phase) to higher values has been inter-
preted as a perturbation caused by the presence of Ce ions or cerium in
its oxide forms, as shown in Fig. 1A [43, 44]. This variation in the Raman
acquisitions respect to unperturbed TiO; anatase might also suggest a
substitution at the interface of the Ti*" cations with Ce** cation,
establishing new Ti-O-Ce bonds, as also supported by theoretical cal-
culations [45].

A common aspect coming out from the literature concerns the nar-
rowing of the TiOy band gap with the increase of Ce content, shifting the
absorption edge from UV to visible photon absorption, up to 450 nm, as
noticeable in Fig. 1B). The resulting red-shift has tentatively been
explained by claiming the possible charge transfer between the 4f levels
of Ce, acting as localized intraband gap states or as shallow CB donor
levels, and the electronic levels of the band structure [25, 26, 30, 33].
Some authors sustained that the improved visible photon absorption
would originate from the electronic transition of the CeO3 and/or Ce203
at the interface with TiO, or still between impurity levels induced in the
band gap by the instauration of new chemical bonds at the interface of
the Ti-O-Ce [28, 32, 47].

Analysing the mechanism involved in the Ce-doped TiO, system
upon irradiation, several authors claim an electron scavenger action
undertaken by the Ce®*/Ce*" redox couple.

Accordingly, the 4f levels of cerium, both as isolated ions at the TiO5
surface or in its oxide forms would guarantee an inhibition of the
electron-hole pairs recombination. Moreover, acting as a stronger Lewis
acid than O,, the photoexcited electrons from TiO2 VB can be easily
captured by Ce ions and subsequently be transferred to molecular oxy-
gen in order to form the radical species *0O,~ [27, 29, 30, 33, 36, 48]. In
this framework, a too high dopant contempt would result in a high
number of recombination centres, thus suppressing the photo-
degradation ability. Different studies assert that the stabilization of Ce at
the surface or at the interface of TiO5 might increase the amount of
lattice defects, particularly of the oxygen vacancies: these last, placed at
the bottom of the CB, could still act as electron scavengers further
enhancing the electron-hole separation and then the photocatalytic
capability of the modified material, as reported in the model in Fig. 2
[26, 32, 43].

As a conclusive remark about the improved photocatalytic perfor-
mance of Ce-doped TiOy, it is worth mentioning the study performed by
the group of Giamello et al [50].; in their investigations they were able to
identify a further phase coming out from the mixture at a 50% ratio Ce:
Ti. In details, by means of y-Raman spectroscopy the onset of a new set of
lines were assigned to the cerium titanate Ce;Ti2O7 phase, not previ-
ously detected by XRD and indicating an intimate interaction between
ceria and titania into the mixed material [50]. Cerium titanate shows a
pyrochlore structure, containing Ce>* and Ti** ions in eightfold and six
fold coordination, respectively [51]. This compound exhibits a brown
coloration due to the presence of Ce>" ions having one electron in the
strongly localized 4f orbitals: the 4f electron of Ce>* generates a pair of
spin-orbit split states (Fs 2 2F7,2). Thus, the same type of spin-orbit split
state can be assumed to be present, which can absorb visible light via a
charge transfer transition from 4f to the empty orbitals of Ti*'.



Table 1
Ce concentration, structure, morphology and reaction condition used for the degradation of various pollutants for different Ce-doped TiO; studies.
Synthetic route Ce Structure and morphology Irradiation source Tested pollutant Pollutant, Photocatalyst, Solution Best Degradation efficiency Ref.
contempt, (Power, W) concentration, mg/L concentration, mg/L volume, mL
%
Sol-gel 0.5-40 Anatase. Biphasic CeO5-TiOy UV light (Amax = Deoxynivalenol (DON) 5 125 20 mL 0.5% Ce, 85% after 240 min [41]
for 40% Ce. Nanospheres 254 nm, 250 W)
Sol-gel 2.5-10 Anatase UV light (200 W) 2,4-Dichlorophenoxyacetic (2,4- 30 200 250 mL 5% Ce, 100% after 240 min [44]
p-acid)
Precipitation 0.1-1 Anatase Nanotubes UV-Vis (125 W) Glyphosate (Gp) 17 200 500 mL 0.15% Ce, 80% after 1h [42]
Sol-gel 0.2-2 Anatase Vis-light (100 W) 2-Mercaptobenzothiazole (MBT)  21.7 1000 250 mL 0.7% Ce, 95% after 100 min [39]
Hydrothermal 0.15-1 Anatase Vis-light (Amax = Methylene Blue (MB) 20 500 750 mL 0.5% Ce, 95% after 160 min [49]
620 nm, 41 W)
Sol-gel + 0.06-0.4 Anatase. Nanotubes Vis-light (,>400 MB 200 150 100 mL 0.12% Ce, 85% after 2h [29]
Hydrothermal nm, 300 W)
Hydrothermal 0.1-1 Anatase Nanotubes Vis-light (A>420 MB 10 1000 100 mL 0.1% Ce, 65% after 4h [48]
nm, 300 W)
Hydrothermal 0.05-1 Anatase UV-vis light (Amax = MB, Imidacloprid (IMCD) and 20 500 10 mL 0.2% Ce, 100% for MB, 90% for [43]
420 nm, 250 W) Quinalphos (QP) QP and 88% for IMCD after 8h
Sol-gel 0.1-8 Anatase UV light (125 W) Methyl Orange (MO) 10 300 100 mL 0.5% Ce, 86.9% after 210 min [26]
Sol-gel 0.5-2.5 - Porous structures UV light MO - 20 250 mL 1.5% Ce, 87% after 6h [27]
Sol-gel 0.15-0.45 Anatase Vis-light (8 W) MO 10 1000 50 mL 0.35% Ce, 70% after 1h [32]
Sol-gel 7-50 Biphasic CeO,-TiO, for 15, Direct sun light MO 20 5000 50 mL 11% Ce, 86.8% after 4h [34]
25 and 50% Ce
Sol-gel 0.1-0.3 Anatase Vis-light (A.>410 MO 500 2000 100 mL 0.2% Ce, 30% after 4h [36]
nm, 150 W)
Sol-gel 0.6 Anatase and Rutile UV-light Phenol (Ph) 50 400 500 mL 94% after 3h [40]
Sol-gel 1-3 Anatase, Brookite and Ce,Ti;- UV-Vis (250 W) Reactive brilliant X-3B (X-3B) 50 350 200 mL 2% Ce, 45% after 80 min [37]
x02
Esterification 0.2-1 Anatase Spheres Vis-light (300 W) Rhodamine B (RhB) 20,000 1000 50 mL 0.4% Ce, 80% after 7h [28]
Sol-gel 0.5-3 Anatase UV-Vis (500 W) RhB 10 500 100 mL 1.5% Ce, 70% after 6h [30]
Hydrothermal - Biphasic CeO,-TiO,, Vis-light (A.>400 RhB 479 25,000 30 mL 93% after 2h [31]
Nanocubes nm)
Hydrothermal 1-4 Anatase Squama like UV-Vis (40 W) RhB 4.8 200 100 mL 3% Ce, 86.7% after 2h [33]
nanocomposite
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Fig. 1. A): Raman spectra for the TiO,, TiO2-CeO4 and CeO, samples in the 300-750 em ! region [44]. B): UV-Vis DRS spectra of TiO, and all Ce-doped TiOy

samples [26].
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Fig. 2. The mechanism of methyl orange dye degradation over 0.1% Ce-doped
TiO, under UV light irradiation [26].

Accordingly, the brownish yellow coloration assumed by the Ce-TiO2
samples as well as the narrowing of the material band gap would be
explained by the presence of Ce;TizO7 solid solution. However, further
investigations are extremely needed in order to verify if the real pho-
tocatalytic engine of the Ce-TiO; activity can be appropriately assigned
to the presence of the pyrochlore structure.

Eu-doped tioz

Some preliminary structural information, useful for identifying
which factors determine the greater photocatalytic efficiency of Eu-
doped TiOq, can be obtained from XRD patterns.

Doping with Eu(III) ions has been found to inhibit the anatase-to-
rutile phase transformation and to force the formation of a meso-
porous structure with significantly increased surface area and pore
volume [52, 53]. This effect was explained by Leostean et al [53]. in
terms of competition between the simultaneous TiO; crystallites for-
mation and the Eu insertion: higher Eu amount in the precursor mixture
reduces the rate of crystallite formation and favours the doping process.
In most of the studies the diffractograms of Eu-doped titania samples
have exclusively revealed the existence of TiO, anatase phase [52,
54-61], which is superior to other phases of TiO; in terms of photo-
catalytic response.

As regards the substitution of Eu®" in the crystal lattice of TiO or the

formation of a secondary phase of EuyOs3, conflicting results exist in the
literature. Khade et al [56]. and Al-Shomar et al [60]. did not observe any
characteristic peaks of europium oxide in XRD pattern of Eu-doped
TiO,, probably due to the very small content of Eu, which can be
incorporated into TiO, lattice to substitute Ti*". They also reported that
the diffraction peaks of Eu-doped TiO5 became wider and of lower in-
tensity compared to pristine TiO,, which indicates that doping of Eu>*
reduces the crystallite size; in addition, the segregation of Eu®" at the
grain boundary of TiO, prevents their growth. The average crystallite
size decreased linearly with increasing Eu>t concentration due to the
production of nucleation centers on the surface when a greater amount
of dopant was present. In terms of photocatalytic efficiency, the smaller
crystallite size is an advantage since the photogenerated charge carriers
have a higher probability to reach the surface before undergoing the
recombination process.

The diffraction peak positions remained unaltered for un-doped and
Eu-doped TiO2 nanopowder samples prepared by Paul et al [62].. The
intensity of the diffraction peaks gets suppressed with the increase in
dopant concentration, so bringing to a loss of crystallinity due to lattice
distortion, suggesting that Eu>t underwent substitutional doping into
the titania host lattice. On the other hand, it must be considered that the
ionic radius of Eu®" (0.095 nm) is larger than that of Ti** (0.068 nm),
therefore it is difficult for Eu®" to enter the TiO4 lattice, and especially
when increasing the percentage of doping, it is more likely that it is
bound in interstitial positions or on the surface of the TiO2 nano crys-
tallites [52, 63-65].

Serga et al [65]. used the extraction-pyrolytic method (EPM) and
mixtures of Ti- and Eu-containing organic extracts based on valeric acid
as precursors for fabrication of nanocrystalline TiO,-based powders with
different Eu content (0.5, 5, 50 mol%): they evidenced the formation of
nanocrystalline TiO, powder, consisting of anatase and rutile poly-
morphs and an additional phase of europium oxide EuyOs. Interestingly,
for Eu content equal to 5 mol% the beginning temperature for
anatase-to-rutile phase transformation shifts from 550 °C for pure TiO5
to 750 °C. The reasons for a more hindered transformation from anatase
to rutile lie in the obstruction of ionic mobility due to interstitial euro-
pium which prevents the cleavage and rearrangement of Ti-O bonds and
in the inhibition of the growth of anatase particles caused by the pres-
ence of EuyO3 on the surface. This hampers agglomeration and prevents
the attainment of the critical size of the anatase particles (14 nm) for the
formation of rutile. If EupO3 is precipitated on the titania surface by
means of liquid phase plasma (LPP) [63], Ti*" can be converted to Ti**
by charge compensation and acts as a trap increasing the rate of
adsorption and reducing the recombination of photogenerated
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electron-holes. The photocatalytic activity is proportional to the amount
of Eu precipitated on the TiOy surface; when Eu is precipitated on the
surface, a new energy level is formed below the CB of TiO5, and the band
gap energy decreases allowing excitation by blue light absorption.

Generally, the main problems encountered in using TiO; as a pho-
tocatalyst are the lack of response to visible light and the high recom-
bination rate of photogenerated charge carriers that hinder the
photocatalytic performance. However, Eu doping leads to the creation of
impurities and additional energy levels thus lowering the energy gap.
The absorption spectra of Eu-doped TiO5 samples highlight a broad
absorption edge in the visible region that enhance with higher Eu con-
centration, whereas the energy band gap decreases as the Eu loading
increases [64]. Moreover, the UV-vis analyses in several studies [56, 63,
65] show that Eu®* jon doping leads to red shift of absorption profile
indicating the charge transfer transition between the lanthanoid and
TiO2 conduction band or valence band.

Looking at the photocatalytic degradation of different molecules
(mainly dyes) reported in literature and summarized in Table 2, it is
quite clear that Eu-doped TiOx is more efficient than the un-doped oxide.
Besides the improved absorption and charge separation, due to 4f
electron configurations of Eu, and the enhanced photocatalytic activity
of TiOy under vis irradiation due to red shifts of the optical absorption
edge, some factors come into play in determining the photocatalytic
efficiency. For instance, an optimal doping percentage exists, since the
proper amount of Eu>* jon concentration in TiO, can effectively trap the
photo generated electrons which can immediately transferred to oxygen
adsorbed on the surface of TiO5 leading to a bigger quantity of *OH. If
Eu>" ions concentration exceed the optimum value, they can cover the
surface of TiO, bringing to a decrease in the concentration of photo-
generated charge carrier species and therefore in photocatalytic activity
[56].

In literature numerous examples of synergistic or co-catalytic effect
of co-doped or hybrid systems based on europium and TiO are reported.
The photocatalytic activity of (Eu, Sm)-codoped TiO, loaded on GO
nanocomposite was investigated by Gohr et al [54]. who found that the
high specific surface of the GO and its functional groups containing
oxygen allows to obtain a higher absorption; moreover, GO acted as
photosensitizer and electron scavenger, while doping with an appro-
priate amount of Sm>" and Eu®* led to a further improvement of the
photocatalytic activity by expanding the amount of electron-hole pairs.
(Eu, N)-codoped TiO; prepared by Jiang et al [66]. using plane-wave
pseudopotential method and (Eu, N)-codoped TiOy/sepiolite nano-
composites fabricated by Zhou et al [67]. showed an enhanced photo-
catalytic activity due to the synergistic effect of the Eu and N that led to
high crystallinity of anatase phase, lattice distortion, band gap nar-
rowing, and easier separation electron-hole pairs. In addition, the
visible-light photocatalytic activity was improved in accordance with
the significant red-shift of absorption edge in the optical absorption
spectra. The cooperative action of the co-dopants was observed in (Au,
Eu)codoped-TiO; by Lin et al [68]. who hypothesized that the visible
light photogenerated electrons may be transfer from the conduction
band of TiO; to adjacent Au nanoparticles deposited on the surface of
Eu-doped TiO,, with consequent decrease of the recombination rate of
electron-hole pairs as schematized in Fig. 3. They confirmed their thesis
by studying the (Au, Eu)-doped TiO3 by XPS after its use in the photo-
catalytic degradation of Rhodamine B dye. The sample, after photo-
catalysis under visible light irradiation, exhibited a lower binding
energy of Au 4f (from 83.5 eV to 83.25 eV), suggesting the relatively
higher surface electron density of Au. This result proved that Au NPs
deposited on the surface of Eu-TiO; could enhance the electron-hole
separation effectively under visible light irradiation [68].

Er-doped tioy

Although it is the most investigated semiconductor for heteroge-
neous photocatalysis, the doping with erbium has resulted in a small
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scientific disclosure if compared to other doping elements. Nevertheless,
the structural and luminescence features of the Er-modified TiO; system
have been extensively studied in the last years [72, 73]. It has emerged
that the introduction of a small amount of Er, up to almost 2% molar, can
lead an improvement in the photocatalytic ability of TiO,, also upon
visible irradiation [74, 75]; however, the mechanism governing the
enhanced heterogeneous photocatalysis still requires a deeper
investigation.

Different synthetic routes have been employed for the preparation of
this designed material such as sol-gel [37, 76-79], hydrothermal
[80-82], electrospinning [83, 84] and electrodeposition methods [85,
861, giving rise to various morphology, as reported in Table 3. Zheng
et al. and Yang et al [83, 84]. prepared Er-doped TiO» nanosponges via
electrospinning approach evidencing how the fibrous morphology
greatly improved the photocatalytic ability in the degradation of phenol
(pH) and methylene blue (MB) under visible and UV irradiation,
respectively. On the other hand, a greatly improved photodegradation
yield was reached by Mazierski et al [86]. for the photocatalytic abate-
ment of phenol: via a electrochemical anodization techniques the au-
thors produced oriented nanotubes that were able to almost totally
mineralize the pollutant when irradiating > 420 nm. Similar outcomes
have been obtained by Li et al [85]., where the Er-TiOy nanotubes
showed a higher photocatalytic ability respect to the bare oxide in the
annihilation of methylene blue upon UV irradiation; however, high Er
contempt brought to a collapse of the nano-engineered morphology.

As noticeable in Table 3, all the authors agree with the identification
of anatase as unique phase of the crystal structure of Er-doped TiOs
materials. The only exceptions are represented by Zheng et al. and Yang
et al [83, 84]. were, in addition to anatase, also the rutile phase was
detected. In the latter case, the appearance of rutile was delayed up to
almost 800 °C, highlighting how the presence of erbium ions inhibited
the anatase-to-rutile phase transition. They proposed that the phase
transition suppression may derive from the stabilization of the anatase
phase by the surrounding rare earth element through the establishment
of Ti-O-Er bonds. The interaction between successive Ti atoms experi-
encing slightly different tetrahedral environment due to the presence of
the Er would prevent the phase transformation into rutile. In any case,
none of them recorded a EroO3 phase via XRD analysis. Still doubts exist
concerning the exact site for Er inside the anatase structure: most of the
papers are in accordance with the fact that, due to the difference in the
ionic radii (0.89 A and 0.68 A for Er®" and Ti*t, respectively), Ertt
cannot substitute a Ti*" in a regular reticular site; rather it would occupy
interstitial positions, or it would place at the grain boundaries. In this
regard, Reszczynska et al [78]. performed Rietveld analysis on the ac-
quired XRD patterns getting no variation of the lattice parameters;
conversely, Obregon et al [82]. obtained an increase of both a and b
lattice parameters and a simultaneous decrease of ¢, so nourishing the
hypothesis that Er®t cations could replace Ti** or locate in interstitial
cages. Accordingly, the state of the art dealing with Er-doped TiOs
system does not clarify the structural role of erbium when it is present in
the synthesis of titanium dioxide. However, XRD patterns for the
Er-doped TiO, show a decrease in intensity of the diffractogram re-
flections with the increase of the Er contempt, indicating a smaller
crystallite size connected to higher exposed surface area.

Actually, for the sake of completeness, it is worth citing the pio-
neering work of Mignotte et al [87]., where the solid solution EryTizO,
with pyrochlore structure was assumed due to the pairing effect between
the ion dopants; they attested that, due to the high amorphization of the
recorded mixed phase, it cannot be identified via XRD, so justifying the
absence of information on the structural role of Er in the TiO5 matrix.

In general, UV-vis spectroscopic analysis does not evidence a marked
red shift of the absorption edge for Er-doped TiO; compared to the
pristine materials. Moreover, frequently the band gap corresponding to
the different percentage of dopant amounts are not reported, as
noticeable in Table 3. However, differently from bare TiO, Er-modified
TiOs is characterized by various absorption bands in the range of visible



Table 2

Eu concentration, structure, morphology and reaction condition used for the degradation of various pollutants for different Eu-doped TiO, studies.

Synthetic route Eu Structure and morphology Irradiation source Tested pollutant Pollutant, concentration, Photocatalyst, Solution Best Degradation efficiency ~ Ref.
contempt, (Power, W) mg/L concentration, volume,
% mg/L mL
Precipitation using 0.24, 0.53 Eu,03 precipitated on TiO2 surface UV LED (A = 375 Acetylsalicylic 50 500 600 mL 0.53 at%: k =10.65 x 10~ [63]
liquid phase nm) and blue LED (A  Acid (ASA) min~! (UV light), k =
plasma (LPP) = 465 nm) 1.475 x 10~ 3 min~! (blue
light)
One step chemical 0.5-5 Anatase Spherical nanoparticles UV (A=365nm,39 MB 3.2 1000 100 mL UV light, 0.5Eu-TiOle: 70%  [55]
green route W) Vis-light (\= after 360 min. Vis light,
400-800 nm, 60 W) 0.5Eu-TiOle: 90% in 240
min.
Hydrothermal 0.01-0.03 Anatase Eu doped TiO,/Graphene Oxide uv MB - 500 100 mL The 0.015% Eu®*- doped [54]
Nanocomposites TiO,/GO photocatalyst
showed the highest
photocatalytic activity
Sol-gel method 1-3 Anatase Smaller nanoparticles UV (200 W) MB 6.4 - - Lower than undoped [69]
Extraction- 0.5-50 Anatase/rutile in different proportion UV-Vis light (300 MB 3.6 1000 50 mL 0.5 mol% Eu, Tpy,= 600 °C: [65]
pyrolytic Method according to Eu content and pyrolysis w) 96% after 60 min.
(EPM) temperature Two phases of EuyO3
Eu,Ti,O7(pyrolysis T = 850 °C) Irregular
rock-like agglomerates
Plasma electrolytic - Anatase/rutile Vis-light (300 W) MB 15 - 100 mL Eu/TiO2 (410 V): 62.2% [70]
oxidation (PEO) after 200 min.
Films deposition 4-10 Anatase Films with tetragonal crystal uv MB - - - 10 wt%: 51.5% after 180 [60]
with spray structure min.
pyrolysis
technique
Green-chili-based 0.5-2 Anatase polymorph Core-shell hybrid UV light (A = MB, 2-chlorophe- MB: 3.2 2-CP: 5 1000 - 1.5mol% Eu®" (annealedat  [64]
biogenic method structure 300-420 nm, 24 W) nol (2-CP) 600 °C): 91.5% for MB and
vis-IR (A = 380-950 76.8% for 2-CP after 300
nm, 150 W) min.
Sol-gel method 0.3-1.5 Anatase Spherical particles UV (A = 254 nm, 15 MB Ph MB: 20 Phenol: 80 2000 - 0.6%Y-0.9%Eu-TiO5: 86%, [59]
W) Vis-light (500 W) after 120 min. for MB, 53%
after 120 min. for phenol
Precipitation 0.001, Anatase Spherical particles Polycrystalline UV (» = 335-380 pH 47 1666 300 mL Precipitated and sulfated [52]
0.005 nm) TiO, doped with Eu
(TiO2-Eu-S): 100% after
240 min.
Microwave assisted 0.01-0.05 Anatase Nanoparticles UV (A = 365 nm) MO - 50-200 100 mL 0.025 mol% Eu-TiO,: 98% [56]
sol-gel method Natural sunlight after 120 min.
Sol-gel mediated 1-5 Mixture of anatase, brookite, and rutile UV (A = 365 nm) MO 10 250 - 5%: 80% after 60 min. [62]
rapid- phases (sintering temperature <600 °C) /
condensation pure anatase phase (<500 °C) Spherical
technique particles
Microwave 0.02-0.12 Rutile MO - - 0.08% (600 °C): 96.7% [71]
hydrothermal
method
Aqueous sol-gel 0.10, 0.50 Anatase UV-Vis (330 nm <!  4-nitrophenol (4- 14 1000 - Lower than undoped [58]
process < 800 nm) NP)
Microwave- 0.3-1 Anatase (Eu-N) co-doped TiO, uniformly Vis-light (300 W) Orange G (OG) OG: 10 Wastewater COD: 800 150 mL 0.6% Eu: 98% after 9 h for [67]
hydrothermal supported on the sepiolite Surface Real textile dye 1654.4 after 0OG 91.2% after 3 h for
method waters flocculation— undiluted, wastewater diluted 1:10
diluted 1:5 and 1:10
Sol-gel 0.5-3 Anatase Spherical or globular particles Simulated sunlight RhB 5 - 25 mL Eu-TiO,, (500 °C [61]
A = 320-780 nm calcination) 0.5mol% Eu:
93% after 100 min.
Sol-gel 0.5 Anatase with a minor rutile and brookite Visible light (UV RhB 20 500 200 mL 100% after 90 min. [68]
impregnation Spherical particles filter A > 420 nm,
method 300 W)
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Fig. 3. Schematic reaction mechanism of visible light photocatalysis over Au/
Eu-TiO; [68].

frequency attributable to the presence of Er** ions [75-78, 80, 81, 83,
88] Fig. 4.A) exhibits the UV-vis Kubelka-Munk absorption of different
Er percentages in TiOy in comparison with bare TiO: besides to the
meager absorption edge red-shift for the doped systems arising from the
charge transfer transition between TiO and the RE>" intra-4f electrons
or from the increasing of defect amounts, absorption peaks located at
451, 475, 524 and 655 nm also appear. These electronic transitions that
fall within the visible range can be attributed to the transition from the
4115/2 ground state to the excited states of the erbium ions 4F3/2)5/2,
4F7/2, 2H11/2 and 4F9/2, respectively [76, 78, 84]. Obviously, the in-
tensity of this absorption rises when increasing the Er contempt.
According to Judd-Ofelt theory of parity-forbidden electric-dipole
transitions of rare earth ions, the energy states of the Er®* should be
effectively perturbed by the odd terms of the Hamiltonian of the weak
crystal field. Despite 4f energy electrons have been partially screened by
552 and 5p6 electron shells, the perturbations can still cause permitted

Table 3
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transitions of 4f elections between 4f orbitals. According with the
literature outcomes, this light-induced electronic transition would favor
the electron-hole separation in the matrix, with a consequent increasing
of the photodegradation ability [89, 90].

The behavior of the erbium species in the TiO5 matrix developed for
photocatalytic applications has been also investigated by means of PL
spectroscopy. Beyond the visible emission band generated by excitation
wavelength at 365 nm and deriving from the defects present in the
matrix, additional emission band at specific wavelengths have been
identified for Er-TiO produced by an excitation pointed at 980 nm (NIR
region of the electromagnetic spectrum). This outcome results from the
well-known up-conversion properties of Er®" ions involving a three
photon absorption process and transitions from °Hy; /2/453/2 and 4F9/2
excited states into “I;5/5 ground state. Definitely, Er>* ions in principle
show promising photocatalytic features concerning the possibility of
conversion of visible light into UV wavelengths. Finally, Obregon et al
[82]. detected a weak UV emission in the case of NIR excitation for 2%
Er-TiOo, as reported in Fig. 4B), evidencing the feasibility to convert
longer wavelengths in shorter ones, that might be absorbed by the
semiconducting matrix.

Based on the structural and optical outcomes, two main working
mechanisms upon light irradiation have been modelled and discussed in
the examined literature. Some authors attributed the observed
enhancement in the photodegradation capability of the Er-TiO2 system
to the electron scavenger action of the Er’* species embedded in the
anatase lattice thanks to the presence of the 4flevels, assumed being just
below the CB edge, as schematized in Fig. 5A). Er* reduces the electron-
hole pairs recombination by trapping the photogenerated electron, and
it is consequently reduced to Er?"; this species, being unstable, gives the
acquired electron to oxygen molecule that is converted in *O, ", capable
to actively participate at the degradation process. Moreover, the
photoinduced holes in the TiO5 VB can directly oxidize a water molecule
or an OH group absorbed at the surface, converting them into *OH
oxidant radicals that can attack the pollutants [77, 80, 83, 85].

The other pathways for the photoinduced charge carriers deal with

Er concentration, structure, morphology and reaction condition used for the degradation of various pollutants for different Er-doped TiO, studies.

Synthetic route Er Structure and Irradiation Tested Pollutant, Photocatalyst, Solution Best Degradation Ref.
contempt, morphology source pollutant concentration, concentration, volume, efficiency
% (Power, W) mg/L mg/L mL
Sol-gel 3 Anatase Macroporous  Vis light MB 320 - - 100% after 1h [76]
films
Electrodeposition 3 Anatase Nanotubes UV-vis (160 MB 12 - - 95.2% after 240 [85]
w) min
Electrospinning 0.5-1.5 Anatase. Anatase and UV-vis (500 MB 12.8 250 400 mL 1% Er, 75% after [84]
Rutile for W) 180 min
temperatures greater
than 773 K.
Nanofibrous films
Sol-gel 0.1 Anatase UV-light (10 MB 15 2500 100 mL 80% after 2h [79]
w)
Sol-gel 0.5-2 Anatase Vis-light (70 MO 19.6 1000 250 mL 1.5% Er, 80% after [77]
w) 1h
Sol-gel - Anatase UV-vis (Mnax N-(1- 0.12 1000 - 50% after 1h [88]
= 365 naphthyl)
nm,200 W)
Hydrothermal 5 Anatase UV-vis pH 20 - - - [80]
Electrochemical 0.025 Anatase Nanotubes Vis-light pH 20 - 25 mL 80% after 1h [86]
anodization (A>420 nm)
Hydrothermal 0.5-4 Anatase UV-vis pH - - - 2% Er, 90% after 2 [81]
h
Hydrothermal 0.5-4 Anatase UV-vis (200 pH 30 1000 250 mL 2% Er, 90% after [82]
w) 2h
Sol-gel 0.25-1 Anatase Vis-light pH 19.7 10,000 5 mL 0.5% Er, 80% after [78]
(200 W) 180 min
Electrospinning 0.5-5 Anatase. Anatase and LED light (A RhB, Ph RhB: 48 pH: 20 1000 50 mL 0.5% Er, 90%after [83]
Rutile for 5% mol Er. = 517-522 10 h for RhB. 0.5%
Sponge nanofibers nm,3 W) Er, 50% after 70 h

for Ph.
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Fig. 5. Different proposed working mechanism for the%Er-TiO, photocatalysts: A) under UV excitation and B)NIR excitation [82]..

the already mentioned up-conversion process characterizing Er>* ions,
with the absorption of NIR photons and the subsequent pumping of
visible and UV photons. The up-conversion process would involve a
sequential three-photons absorption (4115/2 -4 /2 o) /2—)4F7 /2 and
43, /2-)2G7 ,2). In this way, via a multiphoton relaxation the %G, /2 excited
state decays to %G1, ,2 and 2H9/2 lower states. The UV-violet emission
around 390 nm would then be produced by %G1y /,2 to the 4115/2 ground
state. Finally, the improvement in the photo-efficiency might be related
to the increased number of available photons in the UV spectral range
that can be absorbed by TiO2 matrix for the generation of electron-hole
pairs, as depicted in Fig. 5B) [76, 82].

However, it is worth mentioning that the up-conversion mechanism
impact on the improvement of the photodegradation of harmful pol-
lutants in wastewater of Er-TiO5 has not yet experimentally evidenced.
For this region, further investigations are required in the future for
clarifying this aspect. In addition, no information is available on the role
of the pyrochlore phase in the enhancement of the photons’ absorption
in visible range and in the higher photocatalytic activity.

Conclusions

The current review offers an overview of the most recent studies
concerning the introduction of three selected lanthanoids, namely
cerium, europium and erbium, in the semiconductor oxide TiO5 with the
aim of increasing its photocatalytic efficiency in the removal of

pollutants from wastewater and surface water.

Literature data suggest that the modification of titanium dioxide
with the considered lanthanoids (Ln) is an effective strategy to increase
the photocatalytic activity, especially when the optimal doping per-
centage is identified, since it affects, among others, its structural role. In
fact, in some studies the lanthanoid has been disclosed inside the crystal
lattice of the oxide, even if the difference in symmetry and ion radius
size makes the formation of a biphasic solid characterized by the pres-
ence of LnyO3 on the surface of the titanium dioxide more plausible.

Ln(III) doping increases the number of surface defects such as oxygen
vacancies on the material surface, which act as traps for the photo-
generated charge carriers resulting in a reduction of their recombination
rate. In addition, the introduction of lanthanoids leads to an inhibition of
the transition from the anatase to rutile phase, that is desirable as the
former is known to possess a higher photocatalytic activity.

Furthermore, one of the most noteworthy improvements is the
increased absorption of visible light noted for these materials that makes
them particularly attractive for an eco-sustainable removal of contam-
inants from water.

Unfortunately, the extreme heterogenicity of operating conditions,
such as the type of synthesis, the lighting system and the pollutant and
catalyst concentrations, make a direct comparison between the mate-
rials of the various studies very complex. Therefore, it is not possible to
define which is the most promising lanthanoid for the doping of TiO5
and in this regard it would be very interesting to perform a comparative
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study that clarifies this aspect.

Moreover, although there are now numerous studies regarding these
photocatalysts in the literature, the study of photocatalytic activity is
often carried out on a narrow range of organic molecules and is not
exhaustively related to the role that lanthanoids could actually partake.
For example, it would be interesting and useful to investigate whether
the presence of the pyrochlore structure that has been observed in some
studies may be a source of the photocatalytic activity of Ce/Eu /Er-
doped-TiO, materials.

The evaluation of the photoactivity of Ln doped TiO is at present
largely performed on dyes and, for such, further studies exploring their
feasibly toward CECs abatement are required. Besides, in order to
optimize time and costs required for the experimental tests, the com-
bination with a theoretical approach and computational calculations
would be beneficial.
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