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Ce3* [Ce**-TiO, Nano-Octahedra as Active Photocatalysts
for Ciprofloxacin Photodegradation Under Solar Light

Baliana Shani, Letizia Liccardo, Matteo Bordin, Isabel Barroso Martin,
Antonia Infantes-Molina, Enrique Rodriguez-Castellon, Kassa Belay Ibrahim,
Alberto Vomiero,* and Elisa Moretti*

Cerium-containing titania nano-octahedra (CeTNOh) are obtained by
ultrasonication-hydrothermal synthesis of Ce-containing titanate nanowires
(0.35, 0.46, and 0.70 Ce mol %) from commercial TiO2 (Degussa P25).
CeTNONh are tested as photocatalysts to degrade a target pollutant
(ciprofloxacin) under simulated solar light and at mild conditions. CeTNOh
are anatase polymorphs with increasing crystallite size as Ce content
increases. Hydrothermal treatments enhance the specific surface area (SSA)
compared to P25, although Ce addition slightly reduces SSA while increasing
crystallite size. Electron Microscopy confirms the morphology, although
higher Ce levels hinder a full transformation. X-ray photoemission
spectroscopy (XPS) shows the presence of Ce3*/Ce** redox pair, promoting
electron mobility and Ti-Ce interactions. Optical and electronic spectroscopy
reveals that Ce loading reduces the bandgap from 3.20 to 2.74 eV, extending
light absorption into the visible range, thus enhancing the photocatalytic
activity. The best sample, CeTNOhO0.35, achieved 83% degradation of
ciprofloxacin after 360 minutes under solar irradiation, with poor adsorption

1. Introduction

Nowadays, water contamination is one of
the most pressing environmental issues
to be faced, and special attention should
be paid to persistent and hazardous or-
ganic molecules. Dyes and drugs are
continuously released into water bod-
ies, causing severe impacts on both the
environment and human health.l!] De-
spite the low concentration in water rang-
ing between 1 and 10 ng L~!2! antibi-
otics such as ciprofloxacin (CIP) have
been considered contaminants of emerg-
ing concerns. In fact, they are ubiquitous
and hardly degradable.l’! CIP is a syn-
thetic antibiotic belonging to the class of
fluoroquinolone and is gaining attention
due to the increase in the bio-resistance
of various bacteria, including the well-

in the dark period. Higher Ce loadings negatively affect photoactivity by
partially covering titania active sites. Reusability tests confirm the stability and
efficiency of CeTNOhO.35 over three cycles, highlighting the importance of
octahedral morphology in Ce-containing systems to boost the final

photoactivity for water remediation.

known Escherichia Coli.[*]

Conventional wastewater treatment
processes, such as physical adsorption
or separation by membranes, are con-
sidered low-cost and feasible techniques
for the removal of various pollutants
but unfortunately, the application is
sometimes limited by the incomplete
mineralization of the target molecules.l’! Furthermore, in the
presence of wastewater containing mixtures of various complex

B. Shanil*l, L. Liccardo, M. Bordin, K. B. Ibrahim, A. Vomiero, E. Moretti
Department of Molecular Sciences and Nanosystems

Ca’ Foscari University of Venice

Via Torino 155, Venezia Mestre 30172, Italy

E-mail: alberto.vomiero@Iltu.se; elisa.moretti@unive.it

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adsu.202400375

[*IPresent address: Department of Inorganic Chemistry, University of Ox-
ford, S Parks Rd, Oxford OX1 3QR, UK

© 2024 The Author(s). Advanced Sustainable Systems published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adsu.202400375

Adv. Sustainable Syst. 2024, 8, 2400375 2400375 (1 of 11)

I. B. Martin, A. Infantes-Molina, E. Rodriguez-Castell6n
Department of Inorganic Chemistry

Crystallography and Mineralogy. Unidad Asociada al ICP-CSIC
Faculty of Sciences

University of Malaga

Campus de Teatinos, Malaga 29071, Spain

A. Vomiero

Division of Materials Science

Department of Engineering Sciences and Mathematics
Lule& University of Technology

Lule& 97187, Sweden

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


http://www.advsustainsys.com
mailto:alberto.vomiero@ltu.se
mailto:elisa.moretti@unive.it
https://doi.org/10.1002/adsu.202400375
http://creativecommons.org/licenses/by/4.0/

ADVANCED
SCIENCE NEWS

ADVANCED
SUSTAINABLE
SYSTEMS

www.advancedsciencenews.com

organic molecules and byproducts, more specific treatment pro-
cesses are demanded. In more detail, advanced oxidation pro-
cesses (AOPs) are the leading alternative. AOPs involve the
in-situ generation of shortlifetime reactive oxygen species
(ROS), like hydroxy radicals (-OH), which are highly oxidative,
electrophilic, and nonselective species able to mineralize a wide
variety of toxic compounds.[! Increasing interest has been drawn
toward photochemical AOPs since among the most promising
and sustainable methods for the removal of complex organic
molecules in wastewater. This approach combines the use of a
semiconductor as the photocatalyst with light irradiation. Tita-
nia (TiO,), an n-type semiconductor, is one of the most stud-
ied and exploited photocatalysts for Ultraviolet (UV)-based AOPs
thanks to its excellent properties, such as low toxicity, thermal and
chemical stability, and outstanding oxidation power.”l In gen-
eral, after the creation of photo-excited electron and hole (e™-h™)
pairs, the photocatalytic reactions for the degradation of organic
molecules in the presence of TiO, can be summarized as fol-
lows: 1) migration of e™-h* pairs onto the catalyst surface ini-
tiating redox reactions, 2) chain redox reactions with electron
donor and electron acceptor, 3) charge-carriers trapping, and 4)
recombination with subsequent energy dissipation.[®! Unfortu-
nately, TiO, shows some major drawbacks including the fast
charge carriers recombination (step 4 is favored over step 3)
and the wide bandgap (i.e., 3.2 eV for anatase, the most pho-
toactive crystalline phase).”! Thus, only UV light, which rep-
resents ~5% of the total solar radiation, can effectively excite
electrons from the valence band (VB) to the conduction band
(CB) of TiO, materials. However, several strategies such as mor-
phology engineering or doping with metals and nonmetals, can
be used to overcome these limits, extending the use of tita-
nia under the full solar light spectrum.l'®! As widely reported
in the literature, suitable nanostructures including nanowires,
flakes, hollow spheres, nanoparticles, or nano-octahedra and
nano-decahedra, combined with appropriate exposure of specific
TiO, crystalline facets have demonstrated enhanced photocat-
alytic performances.['!l In detail, focusing on truncated decahe-
dron and octahedron morphologies, the exposed (101) anatase
facets seem to have a pivotal role in increasing the photocat-
alytic oxidation of organic compounds."?l Additionally, the high
photocatalytic activity of octahedral anatase crystals has been
related to the presence of a well-crystallized surface with low-
density defects that hinder or delay the recombination of pho-
togenerated e ~h* pairs.'}) As mentioned before, the doping
of TiO, with either noble metals and their alloys with non no-
ble metals like copper (Cu) ' or the formation of heterostruc-
tures with reducible oxides like zirconia (ZrO,) or ceria (CeO,),
has been reported to be efficient to enhance the catalytic perfor-
mance. Specifically, coupling TiO, with CeO,, cerium (III) ox-
ide (Ce,0;), or cerium (Ce) ions seems to be a feasible strat-
egy thanks to the promoted oxygen mobility induced by the
Ce’**/Ce** redox pair. For instance, Xu et al.'®! associated the
superior photocatalytic activity of Ce- doped TiO, with the re-
duced recombination of e"-h* pairs thanks to the presence of
Ce** electron trapping sites. Moreover, doping with Ce ions has
been often associated with a redshift in the main TiO, absorbance
edge,!1! thus extending its absorption ability to the visible light
region, which comprises more than 40% of the total incident so-
lar spectrum.['7]
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To the best of our knowledge, the use of TiO, nano octahedra
containing Ce species for the photodegradation of antibiotics like
CIP at mild operating conditions has not yet been studied.

Benefiting from the octahedral morphology and the Ce pres-
ence, the designed materials show an enhanced photoactivity to-
ward CIP photodegradation in aqueous media under simulated
solar light. The study focuses on assessing the role of both mor-
phology and the presence of Ce containing species in the en-
hancement of photocatalytic activity of the pure TiO, for this spe-
cific photocatalytic process.

2. Results and Discussion

2.1. Morphology, Crystal Structure, and Textural Properties

As shown in Figure 1a, titatante nanowires (TNW) were hy-
drothermally synthesized, using a commercial P25 TiO, aqueous
suspension under strong alkaline conditions. TNW were used as
precursors for the second step to obtain titania nano-octahedra
(TNOh) via an ultrasonication-hydrothermal synthesis. The in-
troduction of Ce ions occurred during the first step, following
the same procedure to obtain pure TNW. Upon step 1, the sam-
ples were labeled as CeTNWx, where Ce stands for cerium and x
refers to the nominal mol% of 0.35, 0.46, and 0.70 mol.%. While
following step 2, the samples were referred to as TNOh for pure
titania nano-octahedra and CeTNOhx for Ce-doped samples. In
this procedure, during the second hydrothermal treatment fol-
lowed by calcination in air, a morphology rearrangement has oc-
curred.

High-angle X-ray powder diffraction (XRPD) was performed
to investigate the crystalline structure of both TNW and
TNOh series of samples (Figure 1b,c). and the obtained pat-
terns were compared to anatase TiO, (JCPDS PDF. #21-1272),
CeO, (JCPDS PDF. #00-034-0394), and potassium hexatitanate
(K,TigO,;) (JCPDS PDF. #40.0403) standard cards. As expected,
the K,Ti O,; phase was found in TNW and CeTNWx samples,
showing the typical diffraction peaks at 26 (°) 11.48, 24.11, 29.25,
and 47.89 (Figure 1b).

In Figure 1c, TNOh and CeTNOhx presented diffractograms
with sharper and more intense peaks, suggesting higher crys-
tallinity, compared to TNW. The presence of the anatase poly-
morph was confirmed by diffraction peaks observed at 20 (°)
25.34°, 38.61°, 48.10°, 55.13° 62.69°, and 68.76°. This indi-
cates that after the second hydrothermal treatment, most of the
K,TigO,; is successfully converted into the highly photoactive
phase anatase TiO,.!®"! Indeed, all the TNOh series of samples
showed the most intense peak at 20 (°) 25.34° related to the (101)
crystal plane that, according to Bragg’s law, returns a d spacing
of 0.35 nm, typical of the anatase phase. No presence of CeO, is
detected in all the CeTNOhx samples, confirming the doping on
the TiO, and excluding the formation of bulk secondary phases.
The Scherrer equation was applied to estimate the anatase mean
crystallite size for both TNW and TNOh (see Table 1).

Field emission-scanning electron microscopy (FE-SEM), High
resolution-transmission electron microscopy (HR-TEM), and en-
ergy dispersive X-ray analysis-scanning transmission electron
microscopy (EDX-STEM) were carried out to evaluate the size
and the morphology and to analyze the elemental composition
of the samples, respectively. As shown in Figure 1d (taken as a
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Figure 1. a) Graphical overview of the synthesis of the catalyst. Step 1represents the hydrothermal synthesis of TNW and CeTNWx while step 2 represents
the hydrothermal-ultrasonication synthesis of TNOh and CeTNOhx; b) High angle XRPD pattern for CeTNWx set; c) High angle XRPD pattern for
CeTNOhx set; d) SEM image of TNW; HR-TEM micrographs of €) TNOh f) CeTNOhO.35.

Table 1. Summary of the mean crystallite size from the Scherrer equation, textural properties, and Brunauer-Emmet-Teller (BET) specific surface area
(SSA) from nitrogen (N;) isotherm analysis and bandgap (E,) derived from the Tauc Plot for CeTNWx and CeTNOh sets.

Sample Ce [mol%)] Mean crystallite size [nm] ABET SSA[m? g7'] b Pore Volume [cm® g~ ¢)Pore Size [nm] E, [eV]
TNW 0.0 16 302 0.76 11.0 3.16
CeTNWO0.35 0.35 17 357 0.96 14.6 3.07
CeTNWO0.46 0.46 13 303 0.65 10.3 3.02
CeTNWO0.70 0.70 33 355 0.93 13.3 2.99
TNOh 0.0 29 164 0.52 135 3.20
CeTNOhO0.35 0.35 37 122 0.36 121 2.94
CeTNOhO0.46 0.46 43 198 0.50 113 2.95
CeTNOhO0.70 0.70 39 194 0.53 107 2.74
P25 - 61 0.10 6.8 3.20
Anatase - 85 0.19 10.1 3.10

2 N, physisorption values obtained at —196 °C with BET method by N, physisorption at —196 °C; ) Single point adsorption total pore volume of pores calculated at relative
pressure P/P, = 0.94 by N, physisorption at =196 °C; 9 Barrett-Joyner Halenda (BJH) desorption average pore width by N, physisorption at —196 °C.
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representative), P25 was successfully converted into TNW and
CeTNWx during the hydrothermal treatment (step 1 Figure 1a;
Figure S1, Supporting Information).

All TNW and CeINW samples showed uniform, ran-
domly distributed partially proton exchanged potassium ti-
tanate nanowires. Notably, CeTNW0.46 showed some changes
in the nanowires length and diameter. Specifically, the pres-
ence of Ce ions led to a decrease in the nanowires length
from 86 to 71 nm and a reduced diameter from an average
value of 7 nm in pure TNW to 5 nm (Figure S2, Supporting
Information).

EDX mapping for CeTNWO0.46 is reported in Figure
S3(Supporting Information). Elemental analysis showed the
presence of homogeneously distributed Ce and as expected,
potassium (K), oxygen (O), and titanium (Ti) related to the
K,TI,O,; (observed by XRPD analysis).

As observed by HR-TEM images (Figure le,f) and TEM im-
ages in Figure S4, Supporting Information), after the second
hydrothermal treatment (step 2 Figure la), the pure and Ce-
containing samples presented well-defined octahedral nanopar-
ticles. Pure TNOh showed an average length of 63 nm and
width of 31 nm. The size of TNOh increased with Ce load-
ing. In detail, the length and width were 71 and 37 nm for the
CeTNOhO0.35 sample and 91 and 45 nm for CeTNOhO0.46, re-
spectively. The size distributions were calculated by Image] soft-
ware analysis (Figure S4, Supporting Information). As already de-
tected for CeTNWx, EDX-STEM analyses (Figure S5, Supporting
Information) showed the presence of homogeneously dispersed
Ce inside the CeTNOhx matrix without the formation of any
aggregates.

Nitrogen (N,)-physisorption at —196 °C (Figure S6a,b, Sup-
porting Information) and the Brunauer-Emmet-Teller (BET)
analysis (Table 1) were performed to assess textural properties,
porosity, and specific surface area (SSA) of the samples in com-
parison with commercial P25 (Degussa) used as precursor, and
commercial Anatase TiO, (from Sigma—Aldrich).

According to the IUPAC classification!™® the synthesized
TNW, TNOh, and the relative Ce-containing samples exhibited
Type-IV isotherms with H3 hysteresis loop typical of mesoporous
materials. The hydrothermal process is beneficial for increas-
ing the SSA of TNW.¥! In fact, TNW and CeTNWx precur-
sors presented a high SSA ranging from 357 to 302 m? g!
and pore volume of 0.65-0.96 cm?® g=!, higher than the com-
mercial P25 TiO, (61 m? g! and 0.10 cm® g~!). The ob-
served enhancement of textural properties cannot be system-
atically correlated with the increase in Ce content. Never-
theless, at low loading (0.35 mol.%) the detectable increase
of SSA and pore volume can be associated with interparti-
cle spaces.’” As a consequence of the hydrothermal treat-
ment and subsequent calcination, TNOh and CeTNOhx sam-
ples showed lower SSA compared to the TNW and CeTNWx
precursors. Indeed, thermal treatments are associated with crys-
tal growth (as evidenced by XRPD results, Table 1) and impov-
erishment of textural properties compared to the noncalcined
precursors.?!l However, the recorded SSA for TNOh samples
and their Ce-containing counterparts ranged between 164 and
198 m? g1, at least three times higher than the SSA of P25 (De-
gussa).
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2.2. Ce-Presence Effects on the Surface Chemical Composition

Ce content was investigated by the synergic use of Rutherford
Backscattering spectrometry (RBS) to follow the Ce profile within
the samples and to obtain the Ce:Ti atomic ratio, and high-
resolution X-ray photoelectron spectroscopy (XPS) to study the
surface chemical composition.

RBS was carried out following the Ce profile in the samples
to investigate the Ce content of the mixed Ce-Ti samples and to
obtain the Ce:Ti atomic ratio. The RBS spectra for both TNOh
and CeTNOhx samples are reported in Figure S7 (Supporting
Information). A homogeneous Ce concentration was detected
for all CeTNOhx samples (Figure S7b, Supporting Information)
with a maximum Ce:Ti atomic ratio of 0.005:1 for CeTNOhO.70.
As expected, no Ce species were detected in the TNOh
sample.

Concerning X-ray photoemission spectroscopy (XPS) analy-
sis, high-resolution Ti 2p, O 1s, and Ce 3d core level spectra
for both TNW/CeTNWx and TNOh/CeTNOhx are reported in
Figures 2 and 3, respectively. The survey spectra for CeTNW0.46)
and CeTNOhO.70, as an example, have been reported in Figure
S8 (Supporting Information).

The Ti 2p core level spectra, in Figure 2a,c, can be fitted with
the typical asymmetric doublet indicating the presence of Ti**
species for both TNW/CeTNWx and TNOh/CeTNOhx series. In
fact, the peaks at ~458.7 and 464.4 eV were assigned to Ti 2 p; ),
and Ti 2 p,,, respectively, which showed a separation of 5.7 eV,
normally ascribed to octahedrally coordinated Ti** ions.[??] As al-
ready reported in the literature, the slight variations in the bind-
ing energy between the main Ti 2 p;, peaks at 458.7 eV for
TNW/CeTNWx and 458.3 eV for TNOh/CeTNOhx, can be related
to the higher interactions between Ce and Ti species within the
samples.[?]

When increasing the Ce content in CeTNWZx, a shift to lower
binding energy is observed. The possibility of exchanging cations
in the titanate with K* and Ce** has previously been reported,!?*]
thus the shift could be associated with the partial substitution
of K* by Ce** within titanate crystal lattice and the consequent
formation of Ti—O—Ce bonds.!?! Conversely, with the increase in
Ce content, the Ti 2p;, peak for CeTNOhx slightly shifted toward
higher binding energies. In this case, the presence of Ce may lead
to higher mobility of electrons at the core level, as it is supported
by previous reports.[222:26]

Considering O Is core level spectra (Figure 2b,d) for both
TNW/CeTNWx and TNOh/CeTNOhx sets, three main com-
ponents were needed to describe the samples. In TNW and
CeTNWx samples, the main peak at #530.3 eV is related to oxy-
gen from the TiO, lattice, while the second peak at ~531.3 eV
belongs to the surface adsorbed oxygen, defect oxide states, and
hydroxyl groups (OH) bonded to Ti. The last component at
higher binding energies in the range 532.5-533.5 eV (533.5 eV
for TNW, 532.5 eV for CeTNW0.35, 532.8 eV for CeTNWO0.46,
and 532.6 eV for CeTNW0.70) can be attributed to adsorbed wa-
ter (H,0) molecules on the catalysts surface.[?#?’] In CeTNWX,
as already discussed for Ti 2p core level spectra, at higher Ce
loadings the main contribution associated with lattice oxygen
at ~530.3 eV is shifted to lower binding energy. In the case of
TNOh and CeTNOhx, the main contribution due to lattice oxy-
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Figure 2. a,b) XPS spectra for (a) Ti 2p core level spectra and (b) O Ts core level spectra for TNW/CeTNWsx sets of catalysts; c) Ti 2p core level spectra

and d) O Ts core level spectra for TNOh/CeTNOhx sets of catalysts.

gen is located at lower binding energy, ~529.8 eV, suggesting
an increase in the contribution from CeO, species and the for-
mation of CeO,-TiO, phase on the surface after the second step
of the synthesis.[?®] When the Ce loading from the precursor in-
creases, a shift toward higher binding energies is observed, indi-
cating an increased number of adsorbed reactive oxygen species
with higher mobility.[?] It is visible that the intensity of the last
component at 532.5-533.5 eV (associated with superficially ad-
sorbed H,0)/decreased in TNOh/CeTNOhx samples compared
to TNW/CeTNWx samples. This can be ascribed to the second
step of the synthesis which included the calcination procedure,
leading to a loss of superficially adsorbed water molecules.
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Ce 3d core level spectra in Figure 3 display a high signal-to-
noise ratio due to the low metal loading. However, the contri-
butions related to the presence of Ce3*/Ce** are detected for
both the CeTNWx and CeTNOhx series of samples, especially at
higher Ce-loading. The following spin-orbit doublets associated
with Ce*t species are detected: v (~882.7 V) and u (~901.3 eV);
v’ (~888.5 eV), and u” (=907.3 eV); v"’ (~898.3 eV) and u”’
(=916.9 eV), the latter being satellite peaks associated with
tetravalent Ce in Ce compounds.?’! On the other hand, the Ce**
presence is also observed, which is associated with high bind-
ing energy doublets v’ (=885.2 eV) and u’ (~903.4 eV) and low-
est binding energy states v, (~880.9 V) and u, (~899.2 eV).>"!

—— TNOhO0.70
—— TNOh0.46
———TNOhO0.35

®)| ce 34
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Figure 3. a,b) XPS spectra for Ce 3d core level spectra for (a) TNW/CeTNWx and (b) TNOh/CeTNOhx sets of catalysts.
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Figure 4. a,b) DRUV-Vis spectra for (a) CeTNWx and (b) CeTNOhx sets; c) F(R) spectra for CeTNOhx sets in dimensionless units from the Kubelka
Munk Fuction; d,e) Tauc plots for (d) CeTNWx and (e) CeTNOhx sets; f) Extrapolation of the E, (eV) for CeTNOhO.70 taken as an example.

The intensity of Ce**-related peaks increased with the increase
in the Ce-loading, indicating a stronger electronic interaction be-
tween Ce and Ti.3!) Noteworthy, the signals are more intense in
the CeTNOhx set of catalysts, suggesting the presence of a higher
number of superficially exposed Ce species (Figure 3b).

The K 2p core level spectra for both CeTNWx and CeTNOhx
sets have been included in the SI file (Figure S9, Support-
ing Information). No significant changes can be appreciated
neither with Ce loading nor with structural changes from
TNW/CeTNWx to TNOh/CeTNOhx. Two peaks are observed, as-
sociated with K 2p;, and K 2p, , spin orbit doublets at 292.6 and
295.2 eV, respectively, which have been previously attributed to
K* in potassium titanates.[3?]

2.3. DRUV-Vis and PL Spectroscopy

As widely reported in the literature, the coexistence of Ce?* /Ce**
species in Ce-Ti systems seems to promote photocatalytic activity
thanks to their electron transfer properties that favor the separa-
tion of photogenerated electrons and holes.[?”! Thus, to further
study the charge-carriers dynamic and the photo-responsive be-
havior of the prepared materials, Diffuse reflectance UV-Visible
(DRUV-Vis) spectra and Photoluminescence (PL) spectra were
acquired. The collected DRUV-Vis spectra, Tauc plots and Op-
tical absorption or F(R) spectra from the Kubelka Munk Func-
tion for the prepared samples, and the benchmark Sigma-—
Aldrich Anatase are shown in Figure 4. Bandgap values were cal-
culated from Tauc Plots, using the intercept of the extrapolated
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linear fit and they are collected in Table 1 for both TNW/CeTNWx
and TNOh/CeTNOhx series of samples.

Pure TNW and TNOh samples presented the typical absorp-
tion edge of TiO, materials at ~400 nm, related to the wide
absorbing bandgap in the UV region.}] From Figure 4a,b, it
can be observed that the Ce introduction results in a redshift
of the main absorbance edge, particularly pronounced in the
TNOh/CeTNOhx series. This can be associated with the forma-
tion of Ce** species, which introduce some localized mid-gap
states within the bandgap of the TiO, semiconductor.**] Con-
firming that doping is an efficient strategy to shift the absorption
toward the visible region.

This is more evident in CeTNOhx F(R) spectra in Figure 4c.
All samples showed the typical TiO, strong absorption band in
the UV region centred at ~310 nm, broader for pure TNOh. Fur-
thermore, in CeTNOhx, the clear redshift of the main band edges
can be associated with the 4fto 5d transition of Ce*" in the lig-
and environment of O, surrounding TiO, nanoparticles. Thus,
the predominance of Ce** instead of Ce*" is further confirmed.
In fact, the Ce ion in the +4 state does not contain any electron
and no transition occurs from the electronic configuration of the
ground state (4f°5d ©).35 As expected, the observed redshift in-
fluences the bandgap values (E, (eV)), decreasing from 3.2 eV
in pure TNW to 2.99 eV in samples with the highest Ce loading
(Figure 4d—f; Figure S10, Supporting Information). This decrease
is more pronounced in CeTNOhx catalysts, where the E, (eV) low-
ers from 3.2 eV for the pure TNOh sample to 2.74 eV for the
CeTNO0.70 counterpart. All the calculated E,(eV) values are in
accordance with values for Ce containing nanostructures already
reported in the literature.¢]
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Figure 5. PL spectra for CeTNOhx set.

PL spectra for both pure TNOh and CeTNOhx catalysts were
collected by exciting the materials at 350 nm, using a cut-off filter
at 370 nm. As can be noticed in Figure 5, undoped TNOh exhibit a
strong emission band in the range between 380 and 600 nm, con-
taining several emission peaks. A nonuniform emission trend is
observed as the dopant content increases. Up to the optimal dop-
ing limit (0.46 mol %), luminescence energy can be transferred
among Ce** ions, resulting in quenching of luminescence, thus
hindering charge-carriers recombination. Instead, as the doping
concentration increases, the dopant itself may act as a radiative
recombination centre, thus increasing the charge-carriers recom-
bination rate and consequently, the PL intensity.

2.4. Photocatalytic Test: CIP Degradation Under Simulated Solar
Light

The photocatalytic activity under simulated solar light irradia-
tion, in an aqueous solution and at room temperature, was eval-
uated for TNOh and all the CeTNOhx samples, following the
degradation of CIP as the target molecule. Kinetic studies were
performed measuring the typical CIP main absorbance peak
at 272 nm, starting from the photolysis under solar light after
360 min of exposure.

In Figure 6a, the monitoring of DRUV-vis spectra of CIP
degradation under dark conditions (30 min) and during solar
light irradiation when using the bare TNOh sample (360 min),
is displayed as an example. Here, the mineralization of the drug
can be observed as the reaction takes place. Figure 6b displays
the photocatalytic degradation of CIP as a function of irradia-
tion time with and without catalysts under simulated solar light.
CIP is significantly stable over sunlight irradiation, in fact, the
final concentration over the initial concentration (C/C;) curve
decreased slightly during the whole reaction time. After equili-
bration in the dark, CIP was partially adsorbed on the surface
of photocatalysts with a decrease in its concentration of 20%
for each sample except CeTNOhO.70, which was adsorbing al-
most 34% of the target molecule. This can be associated with
the higher amount of CeO, on the surface of the sample as ob-
served in the XPS results, which can interact better with CIP
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molecule.’”] When photocatalysts were added to the system, a
decrease in C/C, was detected with increasing irradiation time.
All the samples show a very good photocatalytic activity, but the
sample with the best performance is CeTNOhO0.35, being able to
degrade 83% of the drug within the exposure time. For compar-
ison purposes, in Table S1 (Supporting Information), we report
the activity of state-of-the-art semiconductor-based catalysts for
CIP photodegradation. Additionally, for CeTNOO0.35 the appar-
ent kinetic constant of 9.9 X 10~3 min™! is higher than the bare
TNOh kinetic constant kyyo, = 7.85 X 1072 min~!, confirming
what already stated (Figure 6b). Doping the TiO, matrix is a good
strategy to increase the photodegradation ability, by broadening
the absorbance toward the visible range of bare TiO, and low-
ering its bandgap energy, overall reducing the e~-h* recombina-
tion rate. The superior photocatalytic activity in composite sys-
tems is widely attributed in literature to the Ce3*/Ce** electron
transfer properties, which enhance charge-carrier separation.®
The efficiency of the dopant toward the trapping of charge carri-
ers is strictly related to the concentration and distribution of the
dopants, and the stability of the TiO, crystalline phase. Thus, it
is extremely important to reach an optimal amount of Ce load-
ing. Interestingly, the higher the dopant content, the lower the
photocatalytic activity is among the doped samples. Indeed, the
CeTNOhO0.70 sample is the least active for CIP degradation. De-
spite its increased capacity as a solar light harvester compared
to TNO, the presence of Ce ions at 0.70 mol.% and increasing
CeO, content on the surface is causing a decrease in the photo-
catalytic activity, reinforcing the crucial role of morphology and
composition in the photoactivity of the prepared samples. Free
radicals trapping experiments were useful to investigate the main
active species responsible for CIP degradation in the presence of
the CeTNOhO0.35 photocatalyst (Figure 6d). In fact, it is possible
to estimate the main active species during the photodegradation
reaction by introducing in the system three selected scavengers in
the same photocatalytic conditions used before. In detail, oxalic
acid (OA), tert-butanol (tBuOH), and N,were used as holes (ht),
OH, and superoxide (O, ") scavengers, respectively. The photocat-
alytic activity is considerably inhibited when OA (h* scavenger)
is added, while the addition of tBuOH (OH scavenger) is hardly
affecting the overall activity. Hence, h* should be the major reac-
tive species involved in the CIP degradation by the investigated
sample under simulated solar light irradiation. Finally, stability
and reusability tests were performed (Figure 7). As can be no-
ticed, after 3-cycle reusability tests, CeTNOhO.35 is still active and
the percentage value of degraded CIP remained unchanged, con-
firming the stability of the system and the possibility of effectively
recovering the photocatalyst from the slurry.

3. Conclusion

In this work, an ultrasonication-hydrothermal route synthesis
was proposed to obtain Ce**/Ce**-doped TiO, nano-octahedra
with 0.35, 0.46, and 0.70 Ce mol.% loading. HR-TEM and XRD
analyses confirmed the octahedral morphology and the anatase
phase, with the most intense peak corresponding to the (101)
crystal planes. STEM-EDX and XPS analysis validated the pres-
ence of homogeneously dispersed Ce ions in the TiO, ma-
trix and surface, while the amount of CeO, on the surface in-
creased with higher doping. BET measurement confirmed that
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Figure 6. a) DRUV-vis absorption spectra recorded at different times, from 30 min under dark conditions to 360 min under simulated solar light
irradiation, for the TNOh sample; b) Photocatalytic degradation of CIP as a function of irradiation time with and without catalysts (CIP curve) under
simulated solar light irradiation. c) CIP degradation kinetics with linear fits of the experimental data in dashed lines. d) Free radical trapping experiments
results for CeTNOhO0.35 photocatalyst.
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Figure 7. 3-Cycles reusability test of the best performing sample CeTNOhO0.35.
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the TNOh/CeTNOhx samples are mesoporous materials with a
very high SSA, going from 122 to 194 m? g7, at least two times
higher than that of commercial anatase.

These TNOh/CeTNOhx were evaluated as photocatalysts for
ciprofloxacin (CIP) degradation in water under simulated solar-
light irradiation at room temperature and atmospheric pressure.
As a result, outstanding CIP degradation up to more than 80%
after 360 min of reaction is promoted by the faceted morphol-
ogy and Ce doping. The presence of cerium species improved the
photo response of the TNOh/CeTNOhx, where the highest dop-
ing (0.70 Ce mol.%) induced a decrease in the starting bandgap
of titania up to 2.75 eV. Overall, upon Ce ions addition a redshift
of the absorption edge was observed along with the formation
of oxygen vacancies (induced by the Ce** /Ce** redox pair). PL
measurements confirmed that the presence of cerium in the oc-
tahedral system leads to the quenching of electron-hole recombi-
nation. In the context of CIP photodegradation, the main active
species are holes. The best performing catalyst was CeTNOhO0.35,
suggesting that very low Ce concentrations are beneficial for the
targeted reaction and influence the adsorption-degradation equi-
librium. At higher doping, larger amounts of CeO, covering the
surface (confirmed by XPS measurements) seem to weaken the
interaction with the active phase TiO,, while only boosting CIP
absorption rather than degradation. The reusability test of the
CeTNOhO.35 catalyst showed that Ce-doped nano-octahedra were
still active and stable in the CIP drug degradation under simu-
lated solar light after three cycles, which demonstrates the stabil-
ity of the prepared photocatalysts. To the best of our knowledge,
the present research is the first example of Ce**/Ce3* - TiO, oc-
tahedral nanostructures, shedding light on the cooperation be-
tween octahedral morphology for TiO, and enhanced optical as
well as surface properties in the presence of low Ce concentra-
tion. In the context of solar light-induced photodegradation, we
anticipate that these new sets of materials are promising candi-
dates for wastewater treatment.

4. Experimental Section

Catalysts Synthesis: The catalysts were synthesized by modifying a
hydrothermal-ultrasonication route reported by Wei and co-workers.[3°]
First, potassium titanate nanowires (TNW) were synthesized as precur-
sors to obtain nano-octahedra (TNOh). In a typical procedure, 50.49 g of
potassium hydroxide (KOH) were dissolved in 90 mL of Milli-Q water un-
der stirring, to prepare a 10 MM KOH solution. The pH was controlled us-
ing a calibrated pH meter. The solution was prepared under a fume hood
and appropriate PPE were used. After dissolution, 0.9 g of commercial ti-
tania (Degussa P25) were added and the suspension was stirred for 1 h.
The final solution was then transferred to a Teflon-lined autoclave, and a
hydrothermal reaction was performed at 180 °C for 24 h in an oven. The re-
sulting powder was recovered by filtering under vacuum and washed with
Milli-Q water, 0.1 M HNOj solution and finally, with hot Milli-Q water un-
til neutral pH was reached. As final step, the TNW were dried at 80 °C for
12 h. The introduction of Ce ions in the precursor system followed a dop-
ing strategy. To hydrothermally synthesize Ce-doped TNW, a given amount
(0.35, 0.46, and 0.70 mol.% where mol.% = Ce/ Ce + Ti) of cerium nitrate
aqueous solution (Ce (NO3)3-6H,0, Sigma-Aldrich, 95%) was added to
the stirring suspension of P25 in 10 M KOH after 30 min of stirring (see
Figure 1a). This suspension was stirred for another 30 min and afterward
added into an autoclave and the same procedure as for the pure TNW sam-
ple was followed. The samples were named CeTNWx, where Ce stands for
cerium and x refers to mol% doping of 0.35, 0.46, and 0.70 mol.%.
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In the second step, octahedral anatase nanoparticles were obtained
from TNW and CeTNWx samples. In a typical synthesis, nanowire pre-
cursors were ultrasonically dispersed in Milli-Q water for 1 h at room tem-
perature, and the suspension was transferred to an autoclave for the hy-
drothermal reaction at 160 °C for 6 h. After the reaction was completed,
the solid product was recovered by centrifugation and dried under vacuum
at 80 °C for 12 h. Finally, the dried solid was calcined at 400 °C for 2 h with
a heating rate of 1°C min~! in static air. The samples were named TNOh
for pure titania nano-octahedra and CeTNOhx for cerium-containing sam-
ples where x refers to the nominal cerium mol % doping of 0.35, 0.46, and
0.70 mol.%.

In the potassium hexatitanate (K, TigO43) structure, the titanium is oc-
tahedrally coordinated and the octahedral TiOg shares an edge in a 1D
structure.l*?] The transformation of the titanate into the anatase phase can
proceed in two ways. The first is the dissolution-recrystallization mech-
anism. When the potassium titanate structure dissolves, titanium hy-
droxide intermediate species are formed thanks to the interaction with
OH- groups in solution which undergo condensation and subsequent
recrystallization.[*'l In the second, a topotactic reaction occurs. In this
case, there is the condensation of —TiOH species and rearrangement of
the TiOg octahedra. Hydrothermal reactions in acqueous solutions either
at neutral pH or slightly acidic do favour the latter mechanism over the
dissolution-recrystallization pathway.[*?] In all cases, the recrystallization
process is influenced by the pH and reaction temperature. Solutions with
pH values in the range of 3.4-8.2 and temperatures below 200°C favor the
anatase phase, well in accordance with the reaction conditions (160 °C,
Milli Q water).[43]

Characterization Techniques: X-Ray powder diffraction (XRPD) pat-
terns were collected using a Philips PW 1319 diffractometer with a voltage
of 40 kV, with Bragg—Brentano reflection configuration and a Cu anode
(K1 = 1.5406 A), recording in the range from 10° to 80° of 26, with 0.05°
of step size. Crystallite sizes have been estimated using the Scherrer equa-
tion.

Nitrogen adsorption-desorption isotherms at —196 °C were performed
with an ASAP 2420 apparatus of Micromeritics. Before analysis, the sam-
ples were outgassed at 150 °C for 24 h. The Brunauer—Emmet-Teller (BET)
method was applied to obtain the specific surface area or SSA. Pore vol-
ume was calculated at the relative pressure P/Py = 0.94 and pore size
distribution was calculated by the Barrett-Joyner-Halenda or BJH method.

High-resolution scanning electron microscopy (SEM) images were col-
lected with a FEG-SEM ZEISS SUPRA 40 apparatus with 30 kV accelera-
tion voltage, equipped with a field emission cathode as an electron source
and SE2, InLens and STEM detectors. Transmission electron microscopy
(TEM) micrographs were obtained with a TALOS F200x instrument work-
ing at 200 kV and 5.5 pA. In addition, scanning transmission electron
microscopy (STEM)images were registered with an annular dark field or
HAADF detector at 200 kV and 200 pA. Image| software (Image] 1.51K)
was used to estimate mean particle size.

X-ray photoemission spectroscopy (XPS) measurements were carried
out in a PHI 5700 Physical Electronics spectrometer, with nonmonochro-
matic Mg Ka radiation equipped with a multichannel detector. Spectra
were collected with PHI ACCESS ESCA-V6.0 F software and a constant
step mode of 29.35 eV. Binding energy values were referred to the C 1s
peak of the adventitious carbon contamination layer (284.8 eV) and the
error in binding energy values was estimated to be +0.1 eV. Recorded data
were analyzed with Multipak 9.5 software.

Diffuse reflectance Ultraviolet-Visible spectra (DRUV-Vis) were col-
lected in a Cary UV-vis spectrometer equipped with integrating sphere ac-
cessories, with wavelengths ranging from 200 to 800 nm. The absorption
spectra were obtained from reflectance using the Kubelka—Munk equation
(Equation (1)).144]

F(Rw)=—=§ (M

here, F(R,,) is the Kubelka—Munk function, R, is the diffuse reflectance,
K is the absorption coefficient, and S is the scattering coefficient. Then by
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exploiting the Tauc method,[4] the bandgap for TiO, semiconductors can
be expressed using Equation (2):

(F(Ro)hv)7 = B (- Eg> 2

here, h is Planck’s constant, v is the frequency of the light, and B is a con-
stant. By plotting F(R,,) versus the energy expressed in eV, and by finding
the x-axis intersection point of the linear fit of the Tauc plot, it is possi-
ble to estimate the bandgap of a material. Photoluminescence (PL) mea-
surements were performed at room temperature and in air, using a Fluo-
roLog 3-21 system (Horiba Jobin-Yvon) equipped with a 450 W xenon arc
lamp as excitation source. The wavelength was selected through a dou-
ble Czerny—Turner monochromator and signal detection stage including
an iHR300 single grating monochromator coupled to a Hamamtsu photo-
multiplier tube (model R928P for visible range; model R5509-73 N2-cooled
for NIR range). Excitation wavelength was set to 350 nm and PL spectra
were recorded over the range of 380-600 nm.

Rutherford backscattering spectrometry (RBS) was performed using a
“He* beam with energy E, of 2.0 MeV, and the backscattered beam was
collected at backscattering angle & = 160° in IBM geometry.

Photocatalytic Tests:  Photocatalytic activity of the synthesized materi-
als was evaluated following the degradation of ciprofloxacin (CIP), chosen
as the target molecule, under simulated solar light. For this purpose, a
100 mL cylindrical concentric Pyrex-quartz photocatalytic reactor under a
solar simulator light equipped with a 100 W Xenon arc lamp and AM1.5G
filter (Abet Technologies) was used. During the photocatalytic tests, the
reactor was located under the solar lamp at a suitable distance to ob-
tain a power of 1 sun (1 kW m~2). The photon flux was measured by
using a Si-based reference solar cell #15150 (Abet Technologies, USA)
leaned against the external wall of the photoreactor containing only pure
water. The initial concentration (Cy) of the target molecule was 4 X 107> M
and the amount of photocatalyst was fixed at 125 mg L=". The photocat-
alytic tests were performed at room temperature and atmospheric pres-
sure and at pH 5 which was CIP pH aqueous solution. Before irradiation,
adsorption-desorption equilibrium was reached by stirring the suspension
in the dark for 30 min. The photocatalytic reaction started by switching on
the lamp and filtered aliquots of the aqueous suspension were collected
at given time intervals, by using a 0.45 mm polytetrafluoroethylene (PTFE)
Millipore disc. Drug concentration was measured using a Perkin Elmer
Lambda 1050" UV-vis—NIR spectrometer, following the CIP absorption
maximum peak at 272 nm. Since the degradation pathway for CIP is known
and it can be related to pseudo-first-order kinetics,[*] the apparent kinetic
constant k was calculated as shown in Equation (3), evaluating the data
interval from 0 to 30 min and adopting the pseudo-first-order model:

C
In— = —kt 3
”C 3)

0

where k is the apparent pseudo-first-order rate constant (min~"), calcu-
lated as

k =2.303 X slope (4)

The main active species in the CIP degradation were investigated by
performing free radical trapping experiments. Briefly, three different pho-
tocatalytic tests were carried out using the same conditions as before but
adding to the reaction system tert-Butanol (tBuOH, 1 mM), oxalic acid
(OA, 1 mM), and nitrogen (N, (g)) as hydroxy groups (OH), holes (h")
and superoxide (O,7) scavengers, respectively. Finally, to evaluate the sta-
bility and reusability of the photocatalysts, a 3-cycle recycling test was
performed. The best performing sample was collected by centrifugation,
washed with deionized water several times, and dried overnight after each
photocatalytic cycle.
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