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ABSTRACT: A salicylic-acid (SA)-modified samarium-doped TiO2
complex (Sm-TiO2/SA) was synthesized via a sol−gel method
followed by impregnation. A Raman Fourier transform IR and X-ray
photoelectron spectroscopic study showed that SA (as an electron
donor) forms a surface complex on the Sm-TiO2 surface through its
phenolic/carboxylic functional groups. In the Sm-TiO2/SA complex, a
ligand-to-metal charge transfer (LMCT) is active, inducing a marked
red-shift in the absorption spectrum of TiO2, which extends to 550−
600 nm. The synergetic effect between the LMCT process and the
luminescent properties of the lanthanide ions (Sm3+) is discussed and
supported by the photoluminescence spectra. Further photocatalytic
experiments (under sunlight) and the study of the effect of different
scavengers show the presence of competitive reactions between de-
ethylation and cleavage of Rhodamine B (RhB) during its degradation. With the Sm-TiO2/SA complexes, the superoxide radical ion
(O2

•−) is the main active species responsible for the N-de-ethylation pathway under sunlight irradiation. The cleavage of RhB by the
hydroxyl radical (•OH) appears, instead, to dominate with the Sm-TiO2 photocatalysts.

1. INTRODUCTION
In recent years, a great deal of effort has been devoted to
developing heterogeneous photocatalysts with high sensitivity to
the solar radiation spectrum, especially in the visible and near-
infrared range. One of the various approaches reported in the
literature to deal with this challenge is the surface adsorption of
organic molecules onto inorganic semiconductors, such as
titanium dioxide (TiO2). This method may lead to two different
sensitization mechanisms. In the former, large dye molecules are
adsorbed on the TiO2 surface, and an electronic transition
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) of the dye
occurs by absorption of a visible light photon. Such a transition is
followed by the injection of the excited free electron from the
LUMO of the dye into the conduction band (CB) of TiO2.

1−12

The latter (promising) method to expand the optical response
of TiO2 in the visible region of sunlight is the formation of
ligand-to-metal charge transfer (LMCT) complexes on TiO2.
The LMCT method is based on a chemical interaction between
small organic molecules [electron-rich ligands such as salicylic
acid (SA) or catechol, for instance] and a semiconductor (here,
TiO2). The ligand−TiO2 complex exhibits a new absorption
band with a tail extending to 500−600 nm. In this work, SA was
chosen as a ligand that can chemisorb on the TiO2 particle
surface generating a surface complex, such as titanium (IV)
salicylate.13 In the hybrid interface, an electron-transfer reaction

can occur through an inner-sphere mechanism of the surface
complex, with a direct transfer of electrons from the ground state
of the organic molecules into the CB of TiO2 without the
involvement of any excited molecular state (HOMO−LUMO)
due to the complexation of surface titanium ions. For the sake of
convenience, the UV−vis spectra of the TiO2/SA complex, SA
and TiO2 (anatase) are shown in Figure S1: SA alone has an
absorption band centered at ca. 300 nm arising from the
transition between its HOMO−LUMO molecular orbitals. For
TiO2, the absorption edge around 400 nm is connected to the
intrinsic band gap excitation of anatase. The formation of an
LMCT complex between TiO2 and the SA ligand is
accompanied by the appearance of a visible light absorption
band, which is not seen with either the SA or TiO2 alone.

The number of documents on LMCT-mediated visible light
photocatalysis is undergoing an exponential increase. The
consistent viewpoint confirms that a stable and efficient organic
ligand−TiO2 complex should satisfy the following parameters:
(i) the presence of a chemical linkage (i.e., covalent bond)
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between the adsorbate and the TiO2 surface (in this case
probably a dative covalent bond);14,15 (ii) both TiO2 and the
(small) organic adsorbate do not absorb visible light separately,
but after their interaction, a surface complex forms, giving rise to
visible light-driven LMCT16 (Figure S1). Taking these factors
into consideration, the degradation of organic molecules under
visible light powered by surface complex photocatalysis is a
formidable challenge.

Very recently, some of us provided strong evidence that the
LMCT process could enhance the charge separation efficiency,
leading to a higher photocurrent and promising photocatalytic
performances of an SA-modified Dy-TiO2 complex.17 In that
work, our attention focused on the quenching effect induced by
LMCT on oxygen defect-related emissions. The relation
between the LMCT and the photoluminescence (PL) of the
Dy3+ dopant was not among the purposes of the previous paper.
Stimulated by this previous success, here we want instead to
study the synergetic effect between the LMCT process in
samarium-doped TiO2(Sm-TiO2) coupled with SA and the
luminescent properties of the lanthanide ion Sm3+ used for
doping as both should markedly influence visible-light-driven
photocatalysis.

In this article, we report an assessment of the PL and the
photocatalytic properties under real sunlight of a Sm-TiO2/SA
LMCT complex. Based on our previous experience, a nonpolar
solvent (hexane) was selected to ensure chemical linkage
(chelating coordination) between the SA functional groups
(−OH and −COOH groups) and the −OH groups at the Sm-
TiO2 surface. The so-obtained Sm-TiO2/SA complex presented
strong chemical and thermal stability against decomplexation
(vide infra). The Rhodamine B (RhB) dye was used as a model
molecule to assess the activity of the Sm-TiO2 and Sm-TiO2/SA
photocatalysts under various light irradiation conditions,
including, but not limited to, real sunlight: to support the
photocatalytic assessment, other artificial sources in the UV and
visible range were employed, and the role of several scavengers
has been assessed.

2. MATERIALS AND METHODS
2.1. Preparation of the Sm-TiO2 and Sm-TiO2/SA

Photocatalysts. The undoped and Sm3+-doped TiO2 photo-
catalysts were synthesized by the sol−gel method. In a typical
preparation, 8.0 mL of tetrabutyl orthotitanate (TBOT, 97%,
Merck) was dissolved in 15 mL of absolute ethanol under
vigorous stirring for 30 min (solution A). Next, a solution
composed of absolute ethanol, acetic acid, and water (volume
composition: 7.0, 3.8, and 2.4 mL, respectively) was added
dropwise to a flask containing solution A. The mixture was kept
under constant stirring for 30 min (solution B). Subsequently,
different amounts (0.059, 0.088, and 0.174 g) of samarium (III)
chloride (SmCl3, 99.9%, Sigma-Aldrich) were dissolved in
solution B under continuous stirring, yielding a transparent
solution. The nominal Sm/Ti molar percentages in solution B
were as follows: 1.0, 1.5, and 3.0%. The obtained transparent sols
were kept under constant stirring for 2 h. The transparent gels
were left aging for 12 h at room temperature and subsequently
dried at 340 K. To remove residual Cl− ions, the xerogel was
adequately washed with deionized water until the pH value was
below 7. After washing, the samples were calcined at 748 K for 2
h.

For the preparation of undoped TiO2, we followed the same
procedure except for the addition of SmCl3. The powders will be
referred to as undoped TiO2 and 1% Sm-TiO2, 1.5% Sm-TiO2,

and 3% Sm-TiO2, respectively, where x % corresponds to the
nominal molar Sm/Ti percentage.

The as-prepared powders were impregnated with SA to obtain
x % Sm-TiO2/SA powders via impregnation. In a typical
impregnation procedure, 25 mg of SA was dissolved in 30 mL of
hexane under vigorous stirring at 333 K. After the complete
dissolution of SA, the surface modification was carried out by
adding 0.2 g of the x % Sm-TiO2 particles into the SA solutions.
The mixtures were kept under continuous stirring in a glovebox
until adsorption equilibrium, resulting in a yellow and yellow/
brownish color of the powders. After filtration, the x % Sm-
TiO2/SA powders were repeatedly washed with distilled water
and finally dried at 373 K.
2.2. Characterization Methods. The X-ray diffraction

(XRD) patterns were recorded on a Bruker D8 ADVANCE
diffractometer. The operating conditions were as follows : Cu-
Kα radiation (40 mA, 40 kV, λ = 0.15418 nm) ranges from 5 to
70° 2θ with a step size of 0.025° and a counting time of 13 s/
step.

N2 adsorption/desorption isotherms at 77 K were obtained
on powders that underwent preoutgassing for 4 h to eliminate
water and other adventitious contaminants. Two different
outgassing temperatures (343 and 423 K) were used based on
the presence or absence of SA, respectively, to preserve the
organic moiety. The measurements were conducted on a
Micromeritics ASAP 2020 Plus instrument (Micromeritics,
Norcross, GA, USA). The specific surface area (SSA) and pore
size distribution of the samples were determined using the
Brunauer−Emmett−Teller method and the Barrett−Joyner−
Halenda method on the isotherms’ desorption branch,
respectively.

The thermogravimetric analysis (TGA) of the samples was
carried out on a TGA Q500 in the 303−1023 K temperature
range, under dynamic N2 atmosphere, by putting the powder
samples into a Pt crucible, with a heating rate of 283 K min−1.

For field emission scanning electron microscopy (FESEM)
micrographs and semiquantitative elemental analysis and
elemental maps, a Merlin FESEM instrument (Carl-Zeiss AG,
Oberkochen, Germany) equipped with an energy-dispersive X-
ray analysis (EDX) probe from Oxford Instruments (Abingdon,
UK) was used.

Raman spectra were recorded on a Bruker RFS 100 Raman
spectrometer equipped with two laser lines at 514 and 633 nm.
The power of the excitation radiation was 150 mW.

Fourier transform IR and attenuated total reflection (FTIR-
ATR) spectra were collected in the 4000−500 cm−1 region on
an FTIR spectrophotometer (Equinox 55, Bruker Optics)
equipped with a single reflection diamond ATR accessory
(Dura-Samp1IR II by SensIR Technologies). Each reported
spectrum represents an average of 100 scans at a resolution of 4
cm−1.

Diffuse reflectance (DR) UV−vis spectra of the powders were
recorded on a Cary 5000 UV−vis−NIR spectrophotometer
(Varian Instruments, Palo Alto, CA, USA) equipped with a DR
sphere.

X-ray photoelectron spectroscopy (XPS) analysis was carried
out on a PHI 5000 VersaProbe equipment (Physical Electronics,
Feldkirchen, Germany) using monochromatic Al-Kα radiation
(1486.6 eV) as the X-ray source and a pass-energy of 187.75 eV.
The C 1s spectral line shift of the adventitious carbon at a
binding energy (BE) value of 284.8 eV was used for charge
referencing XPS spectra.
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The amount of SA adsorbed on Sm-TiO2 was evaluated by
measuring the aromatic-H signals by nuclear magnetic
resonance (1H NMR): the Sm-TiO2/SA complex was dissolved
in dimethyl sulfoxide for liquid NMR analysis using a Bruker AV
500 spectrometer at 400 MHz (1H NMR) at room temperature.
2.3. Rhodamine B Photocatalytic Degradation Tests.

The photocatalytic experiments under natural sunlight were
carried out between 11:00 a.m. and 1:00 p.m. during March on
the roof of the Department of Chemistry, University of Gafsa−
Tunisia (latitude 34°35′29″ North and longitude 8°47′03″
East). The sunlight irradiation pattern was measured using a
pyranometer (Environment S.A, France), capable of measuring
sunlight irradiation in the range 950−1000 Wm−2 and with a
sensitivity of 15 mV/W/m2.

100 mL portion of aqueous suspensions (5 mg L−1, 10 μM) of
RhB (Sigma-Aldrich) and 50 mg of photocatalyst powder were
placed in an open Pyrex vessel. Before irradiation, the
suspensions were magnetically stirred for 30 min in the darkness
to achieve adsorption−desorption equilibrium conditions. No
significant RhB adsorption (1−2.75%) had been observed with
all of the photocatalysts, in agreement with the acidic
environment of the suspensions, in which both the RhB
molecules and the TiO2 anatase surface are positively charged.
The pKa of RhB is 3.7, which means that it exists in its cationic
forms (RhBH+ and RhBH2

2+) and in the zwitterionic form (RhB
±) below and above pH 3.7, respectively. The pH values of the
aqueous phase in the Sm-TiO2/RhB and Sm-TiO2/SA/RhB
suspensions were found to be in the pH range 3.3−3.7, at which
the surface of TiO2 was positively charged. In such acidic pH
range, the RhB will be in its cationic form (RhBH+), and, hence,
due to electrostatic repulsive forces between RhBH+ species and
the positively charged surface of the photocatalysts, the
adsorption of the RhB should be negligible, in our experimental
conditions.

Another set of photocatalytic experiments was carried out
under different artificial illumination conditions: (i) under UV
illumination using four lamps with a λmax = 254 nm wavelength
(11 W low-pressure mercury lamp, Philips, Holland18) that were
vertically positioned outside the Pyrex vessel; (ii) under blue
LED (λmax ∼ 460 nm) using four lamps (16 W, Philips, Holland)
that were positioned outside the Pyrex vessel. Such LED sources
were employed to study the possible advantages of LEDs over
more “traditional” light sources including lower energy
consumption and longer lifetime.

In each photocatalytic experiment, at given irradiation time
intervals, the RhB concentration in the photocatalytic reaction
mixture was analyzed by following the intensity of the RhB band
at 555 nm on a UV−visible spectrophotometer UVD-2950
(Labomed, Los Angeles, CA).

The effects and contributions of capture hydroxyl radicals
(•OH), superoxide radicals (O2

•−), holes (h+), and electrons
(e−) in the titania-mediated photocatalytic process were
investigated by considering the presence of scavenger species
in photocatalytic systems, such as isopropyl alcohol (IPA, 1.5 ×
10−3 mol L−1), benzoquinone (BQ, 1.5 × 10−3 mol L−1),
ethylenediaminetetraacetic acid (EDTA, 4 × 10−4 mol L−1), and
potassium persulfate (K2S2O8, 5 × 10−4 mol L−1) in 5 mg L−1

RhB solution containing 0.05 g of photocatalysts.

3. RESULTS AND DISCUSSION
3.1. Structural, Textural, and Morphological Charac-

terization. Figure 1 reports the XRD patterns of the undoped
and the doped samples: with all the patterns, only the anatase

phase was detected (in accordance with the JCPDF: 21-1272 file
for the anatase crystalline structure of TiO2).19 Moreover, all of
the samples show a broad signal at around 31.3° 2θ values,
probably due to the presence of a small fraction of amorphous
TiO2. The diffraction peaks of Sm2O3-like species (expected at
2θ values of 19.88, 28.26, 32.75, 46.99, and 55.74°, JCPDF: 74-
1807) could not be identified even in the XRD patterns of 3%
Sm-TiO2 in agreement with their small quantity, below the
detection limit of XRD.

The average crystallite size of all samples was calculated via
Scherrer’s equation using the full-width at half-maximum of six
Bragg peaks. The average crystallite size of undoped TiO2 was
determined to be ∼13.2 nm, i.e., a higher value than that for the
doped ones (Table 1). Since the ionic radius of octahedral Sm3+

ions (0.96 Å) is larger than that of octahedral Ti4+ ions (0.61 Å),
the partial insertion of Sm species into the TiO2 crystal lattice
results in an increase in the lattice parameters (and the cell
volume) in the doped samples (Table 1).

The different growth of TiO2 particles with and without Sm-
doping was corroborated by the aspect of the gels, namely,
translucent with undoped TiO2 and transparent with Sm-doping
(Figure S2). The main reason for this result is that acetic acid in
the synthesis mixture (having a CH3COOH/TBOT ≥ 2) can
act as a chelating agent to form less reactive Ti-
[(OH)y(OOCCH3)x] species. The acetate Ti complex under-
goes slow, controlled hydrolysis and condensation, generating
fine spherical primary particles and a translucent viscous TiO2
gel.20,21 Apart from the role of acetic acid in the sol−gel mixture,
doping with Sm leads instead to transparent viscous gels: this
result confirms that the Sm dopant effectively limits the growth
of TiO2 primary particles (leading to the transparency of the Sm-
TiO2 gels).

N2 isotherms measured at 77 K are reported in Figure S3 for
some selected samples: type IV isotherms are observed, with an
H2-type hysteresis loop, typical for mesoporous materials with
(likely interparticles) ink-bottle pores. The PSD of the undoped
TiO2 sample, which has an SSA of 32 m2g−1, shows a peak
centered at ca. 3.4 nm, with a small tail at ca. 4.5 nm. SA
chemisorption on the undoped TiO2 does not affect the average
porous size (ca 3.5 nm) much but improves the homogeneity of
the PSD and slightly increases the SSA (51 m2g−1).

Sm doping leads to an increase in both the average pore size
(ca 6.7 nm) and the SSA (101 m2g−1). The SSA increase agrees
with the hypothesis that dopant Sm3+ ions suppress the growth

Figure 1. XRD patterns of undoped and Sm-doped TiO2 samples
calcined at 748 K.
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of TiO2 particles. With Sm-doped TiO2, the presence of SA
slightly decreases the SSA to 76 m2g−1 and shifts the maximum
of the PSD to ca. 5.6 nm. As it will be shown by FTIR
spectroscopy, the presence of Sm should favor the chemical link
of the SA molecules to the Sm-TiO2 surface, as compared to
undoped TiO2, and this phenomenon, in turn, could induce
aggregation of the TiO2 particles, leading to a decrease of both
SSA and (interparticles) pores diameter. This is in good
agreement with the TGA results (Figure S4), which show that
the decomposition of the SA ligand in the 1.5% Sm-TiO2/SA
complex took place at temperatures as high as 523−723 K. Such
chemical stability can be due to covalent interactions (e.g.,
−COOTi− links), capable of stabilizing the SA ligand and
delaying its decomposition.

The morphological characterization of the as-prepared
samples (Figure S5) was carried out by a FESEM instrument
equipped with an EDX probe that was used to perform
elemental analysis and collect elemental maps (Figure S6). The
TiO2 sample shows spherical primary particles undergoing
agglomeration/aggregation. Upon Sm doping, the particles still
looked uniformly distributed in size. The elemental maps of Ti,
O, and Sm were well-defined with a sharp contrast. The profile of
Sm was close to that of Ti and O, which indicated that the Sm is
evenly distributed throughout the Sm-TiO2 material (Figure
S6).

For the Sm-TiO2/SA complexes, some aggregation was
observed, likely due to the formation of a chemical bond
between the SA ligand and the Sm-TiO2 surface. This
explanation has also been proposed in carboxylic acid-modified
CuO nanoparticles by Loya et al.22

Table 2 reports the Sm/Ti molar percentage of a set of
selected samples, as determined by both EDX and XPS. It should

be remarked that the latter technique is more representative of
the surface composition of materials, whereas EDX should be
able to evaluate also inner atomic layers, though in a
semiquantitative way. Considering the limits of both techniques,
according to XPS Sm is less abundant at the surface of the NPs,
and the effect of the presence of SA molecules on the surface is
more evident with the sample at 3% Sm/Ti molar percentage, in

that by XPS a smaller Sm concentration is detected in the 3%
Sm-TiO2/SA complex. As it will be shown by FTIR spectros-
copy, probably the surface Sm3+ ions act as Lewis sites toward
the benzene ring of the SA molecule (acting as a base) and thus a
fraction of surface Sm3+ is likely “masked” by SA molecules,
finally explaining the lower surface Sm/Ti ratio detected by XPS
in the 3% Sm-TiO2/SA sample.
3.2. Raman, IR, XP, and DR-UV−vis Spectroscopic

Studies. The vibrational properties of the TiO2 lattice (Raman
scattering and true electronic-vibrational transitions) and the
luminescence of the Sm3+ dopant (fluorescence, virtual
electronic-vibrational transitions) can be assessed separately
by comparing the spectra collected with two different laser
excitations at λex = 633 and 514 nm, respectively.

All the Raman spectra were extracted following the spectral
shift (Δω, cm−1) to wavelength (nm) conversion using the
following equations23

= 1 1
10

ex

7i
k
jjjjj

y
{
zzzzz (1)

=
( )

1
1

10ex
7 (2)

where Δω is the Raman shift (cm−1), λex is the laser excitation
wavelength (nm), and λ is the peak position (nm).

Under laser excitation at λex = 514 nm, both the undoped
TiO2 and Sm-TiO2 samples show the true Raman bands of TiO2
anatase phase at 518 nm (Δω ∼ 147 cm−1), 525 nm (∼401
cm−1), 528 nm (∼511 cm−1), and 532 nm (∼641 cm−1), in
agreement with XRD results.24

Since excitation at 514 nm is close to the 6H5/2−(4G + 4F)7/2
absorption transitions of Sm3+, the luminescence of Sm3+ could
be detected in the spectral range of 560−625 nm (∼1900−3350
cm−1). Therefore, the Raman bands at 583 nm (∼2314 cm−1),
606 nm (∼2956 cm−1), 612 nm (∼3112 cm−1), and 620 nm
(3325 cm−1) are assigned to Sm3+-related emissions [6H5/2−(4G
+ 4F)7/2], and the signal intensities strongly depend on the Sm3+

concentration25−27 (Figure 2a).
For the Sm-TiO2/SA samples (Figure 2b), the Sm3+-related

emissions could hardly be seen in the 537−625 nm range. This
phenomenon could be related to the occurrence of an LMCT
complex between the SA ligand and the TiO2 surface, as will be
discussed based on PL and UV−vis spectroscopies measure-
ments. However, the Raman spectra display only the vibrational
modes of TiO2 and the SA molecule adsorbed on the Sm-TiO2
surface28,29 (as detailed in Table S1). The two bands of the
carboxyl group [δ(O−H) at 552 nm and ν(COO−) at 561.6 nm] are
substituted by two broad bands centered at 551.9 and 560.7 nm;
correspondingly, the phenolic bands (δ(O−H) at 545 nm and δ
(C−O) at 554 nm) were not observed in the Sm-TiO2/SA
samples. This result confirms that the phenolic (−OH) and

Table 1. Relevant Structure Parameters as Obtained from the Samples’ XRD Patterns and the Corresponding Rietveld Analysisa

sample Scherrer’s crystallite size (nm) lattice parameters

a (Å) c (Å) V (Å3)

TiO2 13.2 (1) 3.78557 (0.00069) 9.50247 (0.00181) 136.175 (0.044)
1% Sm-TiO2 12.6 (1) 3.79222 (0.00214) 9.50379 (0.00651) 136.9758 (0.301)
1.5% Sm-TiO2 12.8 (1) 3.79648 (0.00157) 9.50964 (0.00440) 137.056 (0.102)
3% Sm-TiO2 9.3 (2) 3.79134 (0.00126) 9.51249 (0.00351) 137.742 (0.057)

aThe value of the R profile in all of the refinements was below 12% of the powder sample.

Table 2. Sm/Ti Molar Percentage of Some Representative
Sm-TiO2 and Sm-TiO2/SA Samples, as Determined by EDX
(with Standard Deviations in the 1−3−24% Range) and XPS
Analyses

sample
EDX-determined Sm/Ti

molar %
XPS-determined Sm/Ti

molar %

1.5% Sm-TiO2 1.1 0.5
1.5%

Sm-TiO2/SA
1.0 0.5

3% Sm-TiO2 2.1 1.3
3% Sm-TiO2/SA 2.0 0.6

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c03459
J. Phys. Chem. C 2024, 128, 13445−13457

13448

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c03459/suppl_file/jp4c03459_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c03459/suppl_file/jp4c03459_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c03459/suppl_file/jp4c03459_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c03459/suppl_file/jp4c03459_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c03459/suppl_file/jp4c03459_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c03459/suppl_file/jp4c03459_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c03459?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


carboxylic groups (−COOH) of SA are strongly bonded with
the Sm-TiO2 surface.13 The benzene ring bands at 535, 538, and
560 nm are also affected by the new environment, as confirmed
by the FT-IR analysis reported in the following paragraph.

Under laser excitation at λex = 633 nm (Figure S7), the Sm-
TiO2 and Sm-TiO2/SA samples show only the true Raman
bands corresponding to vibrational modes of TiO2 anatase and
the SA molecule. The Sm3+-related emission cannot be observed
on excitation at 633 nm because this wavelength does not match
the excited states of Sm3+.

Figure 3 depicts the FTIR ATR spectra of undoped TiO2 and
Sm-TiO2 powders before and after SA modification. For the
undoped TiO2 and the Sm-TiO2 samples (Figure 3a), the bands
at 1634 and 3354 cm−1 correspond to the bending and
asymmetric stretching vibrational modes of molecular water,
respectively: as a whole, the Sm-TiO2 samples have more
surface-adsorbed water and hydroxyl groups than the undoped
TiO2.

The IR spectrum of free SA showed some characteristic
vibrational peaks of the aromatic ring and phenolic/carboxylic
acid functional linkage groups (i.e., −OH and −COOH). More
precisely, the −OH and C−OH phenolic groups (bands at 1240,
1324, and 1187−1248 cm−1), the −OH carboxylic acid (band at
881 cm−1), the C−O carboxylic acid (bands at 1296 and 1379
cm−1), and the C�O carbonyl group (bands at 1581 and 1655−

1680 cm−1) are observed.30 The bands attributed to the benzene
aromatic ring bonds of the SA molecule are seen at 1606, 1619,
1471, and 1481 cm−1 (aromatic C�C stretching bands); C−C
stretching at 1444 cm−1 and �C−H bending, at 750 cm−1.

All the SA surface-modified samples show new bands at 1389
and 1540 cm−1, characteristic of symmetric and antisymmetric
vibration of COO− groups in −COOTi species.31 The
disappearance of C−OH bands is likely due to the involvement
of the phenolic group in the formation of the SA-TiO2 complex.
An important finding from the IR spectra is that the SA benzene
ring bands are also affected by the new environment, and the
C�C peaks are found at 1468, 1457, and 1606 cm−1 (dotted
arrows), indicating that changes in electronic distribution are
propagated to the whole aromatic ring.31−33

ATR spectroscopy shows that the surface modification of
TiO2 and Sm-TiO2 samples with SA results in the disappearance
of SA functional linkage groups (Figure 3b).31 The formation of
SA bound to the Sm-TiO2 surface is confirmed by the 1H NMR
spectrum of a selected 1.5% Sm-TiO2/SA complex, which shows
similar field position and splitting of the aromatic-H signals
between 6.5 and 8 ppm as for SA molecules. The broad OH
signal at 11−12 ppm disappeared completely, indicating the
chemical link of the SA molecules to the Sm-TiO2 surface
(Figure S8). As compared to the TiO2/SA sample, the Sm-
TiO2/SA samples show an increase of the bands at 1389 and
1540 cm−1 (−COOTi group) (solid arrows) with increasing

Figure 2. Raman spectra of the undoped TiO2 and the Sm-TiO2
samples (a); Raman spectra of SA and its complexes with the undoped
TiO2 and the Sm-TiO2 samples (b). Insets to section (b) show a
magnification of the profiles of the Raman spectra of SA and the 3% Sm-
TiO2/SA complex in the 537−625 nm range.

Figure 3. ATR-FTIR spectra (from bottom to top) of the undoped
TiO2, the Sm-TiO2 samples (a), the Sm-TiO2/SA complexes, and SA
(b).
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Sm3+ concentration. This means that the Sm3+ and Ti4+ species
are simultaneously involved in the coordination of the SA ligand
in the Sm-TiO2/SA complex, leading to chemical stability.34

This result is in good agreement with previous NMR studies,35

reporting that the Sm3+ ions may form Lewis acid−base
complexes with SA molecules at the surface of the TiO2, leading
to a higher adsorption capacity compared to undoped TiO2.

XPS was employed as an additional tool to investigate the
surface chemical states of the as-prepared samples and assess the
interaction of SA with Sm-TiO2.

The XPS survey spectra of three representative samples,
namely, undoped TiO2, 1.5% Sm-TiO2, and 1.5% Sm-TiO2/SA,
are shown in Figure S9. The high-resolution (HR) XP spectrum
in the range of the Ti 2p lines consists of two peaks at the BE
values reported in Figure S10a, readily assigned to the Ti 2p3/2
and Ti 2p1/2 lines.36 Such values are consistent with those
reported in the literature for the Ti4+ species at the surface of
anatase TiO2. The comparison between the HR Ti 2p spectrum
of undoped TiO2 and 1.5% Sm-TiO2 indicates that the latter
suffers a small BE shift to lower energy. The decrease in BE may
be attributed to some local environment changes derived from
the introduction of Sm3+.37 However, the observed splitting is
ca. 5.8 eV with both undoped TiO2 and 1.5% Sm-TiO2 samples,
indicating that only the Ti4+ species are present. Conversely,
after SA modification, the Ti 2p3/2 peak of the 1.5% Sm-TiO2/
SA complex is slightly shifted toward higher energy, and a
slightly smaller splitting (ca. 5.7 eV) is observed, along with a
small shoulder at ca. 457 eV that can be due to the Ti 2p3/2 peak
of (reduced) Ti3+ species, likely stabilized by the interaction with
the SA ligand.38 It has to be remarked that the corresponding Ti
2p1/2 peak is less evident in the curve due to the different
intensities of the two lines of Ti.

The presence of the SA ligand coordinated to the 1.5% Sm-
TiO2 surface can be ascertained by observing the HR spectra of
the O 1s and C 1s lines. The O 1s HR spectrum shows three
peaks located at 529.1, 530.3, and 531.6 eV, corresponding to
Ti−O bonds (lattice oxygen) and C�O and −OH groups
(Figure S10b), respectively. The O 1s/Ti 2p ratio is around 2.5,
i.e., slightly higher than the stoichiometric ratio in TiO2, in
agreement with the presence of SA at the surface. The HR C 1s
spectrum shows four main peaks at 283.37, 284.8, 286.7, and
288.9 eV, which are characteristic of the C−H (aromatic), C−
C/C�C (aromatic), C�O, and C−O−Ti/O−C�O groups,
respectively.39 No signal that can be ascribed to Ti−C bonds was
observed at 281 eV, indicating that the C atoms of the SA ligand
did not dope the TiO2 lattice.

Figure S10c reports the HR Sm 3d XP spectra of the 3% Sm-
TiO2 and 3% Sm-TiO2/SA samples, showing the occurrence of a
(small) fraction of surface Sm3+ species (line at BE = 1083.42 eV,
a value close to the BE of the Sm 3d5/2 line in Sm2O3). Such
signals were not clearly detectable with the 1.5% Sm-doped
samples, likely due to the very low amount of surface Sm3+

species.
The DR UV−vis spectra of the as-prepared samples are shown

in Figure 4. For the undoped TiO2, the typical absorption edge
occurs around 400 nm due to the charge-transfer transition of
O2− to Ti4+ in anatase.40 As compared to the absorption edge of
undoped TiO2, the absorption edges of the Sm-TiO2 samples are
blue-shifted (Figure 4a, Table 3), showing that the Sm-doped
samples mostly absorb in the UV range and should not be able to
exploit efficiently the visible fraction of sunlight.41,42 As
expected, the absorption peaks in the vis−IR spectral region
(at 418, 439, 477, 500, 526, 562, 944, 1072,1227,1380, 1482,

1530, and 1587 nm) correspond to the f−f transitions from
6H5/2 ground state to 6P5/2, 4G9/2, 4M15/2, 4G7/2, 4F5/2, 4G5/2,
6F11/2 et 6F9/2 and 6F7/2, 6F5/2,

6F3/2,6H15/2, and 6F1/2 excited
states of Sm3+ species.43

Interestingly, the SA complexation red-shifts the absorption
onset of the Sm-TiO2 samples up to 550−600 nm (Figure 4b).
This phenomenon was followed by a color change of the Sm-
TiO2 powders from white to yellow upon SA complexation (not
shown). The extension of the Sm-TiO2/SA absorption in the
visible region suggests a broad distribution of surface electronic
states, possibly related to a variety of SA ligand-Ti4+ charge-
transfer (LMCT) complexes. The LMCT mechanism promotes
electron-transfer efficiency to the CB of TiO2, extending the

Figure 4. DR-UV−vis spectra of undoped TiO2 and Sm-TiO2 samples
(a), TiO2/SA and Sm-TiO2/SA complexes (b). The insets show the
corresponding Tauc’s plots.

Table 3. Optical Band Gaps of the Undoped TiO2, the Sm-
TiO2 Samples, and the SA Complexes

sample Eg (eV) sample Eg (eV)

TiO2 2.96 TiO2/SA 2.10
1% Sm-TiO2 3.10 1% Sm-TiO2/SA 2.12
1.5% Sm-TiO2 3.13 1.5% Sm-TiO2/SA 2.11
3% Sm-TiO2 3.12 3% Sm-TiO2/SA 2.03
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absorption threshold toward the visible region.44 It is note-
worthy that the f−f absorptions of Sm3+ ions at 401−562 nm
overlapped with the absorption red-shift. A comparative
discussion with the literature is difficult here, since, to the best
of our knowledge, there are no relevant bibliographic data on
this subject.

The band gap energy (Eg) values in Table 3 were obtained by
extrapolating the linear region of the Tauc’s plot [(F(R)*hν)1/2

vs (hν)], as obtained by considering indirect semiconductors,
with anatase being the main phase. In agreement with the blue-
shift observed in the DR UV−vis spectra, the band gap energy
increases with Sm-doping up to 1.5% Sm, then no significant

Figure 5. XPS-determined valence band spectra of the 1.5% Sm-TiO2 and 1.5% Sm-TiO2/SA samples (a). Differential Tauc plot (blue) between 1.5%
Sm-TiO2 and 1.5% Sm-TiO2/SA (b). Diagram of energy with respect to potential versus the normal hydrogen electrode (c). Position of HOMO of SA
in both neutral (n) and deprotonated (d) forms, as previously established in ref 47.

Figure 6. Emission spectra of the Sm-TiO2 and Sm-TiO2/SA samples excited at 220 (a) and 320 nm (b). Emission spectra of 1.5% Sm-TiO2 and Sm-
TiO2/SA samples excited at 410, 420, 480, and 500 nm (c).
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change is observed at higher Sm levels, as likely some surface Sm
species forms at 3% Sm (as observed by XPS analysis). Instead,
the decrease of band gap energies observed in the presence of SA
is attributed to the LMCT from the HOMO of the SA ligand to
the CB of TiO2 and the formation of Ti−O−C covalent bond,
which is supported by both IR and XPS evidence.

The position of the valence band maximum (VBM) of Sm-
TiO2 and Sm-TiO2/SA was determined by XPS through linear
extrapolation of the onset of their VB emission: the VBM of
1.5% Sm-TiO2 and 1.5% Sm-TiO2/SA were located at +3.018
eV (Figure 5a). Considering the Eg values determined by Tauc’s
plot, the position of the corresponding CB minima (CBM)
would occur at −0.11 eV. Figure 5b shows the differential Tauc’s
plot between 1.5% Sm-TiO2 and the 1.5% Sm-TiO2/SA
samples. The new plot (blue curve) gives an intercept at an
energy of 2.08 eV, satisfactorily matching the Tauc’s plot-
determined Eg value (∼2.11 eV) of 1.5% Sm-TiO2/SA. It can be
ascribed to the energy difference between HOMO of SA (∼1.97
eV) and CBM edge of Sm-TiO2 (−0.11 eV).8,45,46 The HOMO
state of 1.5% Sm-TiO2/SA is in good agreement with those
reported for SA adsorbed on TiO2 through the chelating
configuration.47 Because of the LMCT between the SA ligand
and Sm-TiO2, the alignment of the bands at the hybrid interface
is staggered, as shown by the energy diagram of 1.5% Sm-TiO2/
SA (Figure 5c).
3.3. Photoluminescence Emission Spectroscopy

Study. Figure 6 shows the PL emission spectra of Sm-TiO2
and Sm-TiO2/SA samples under various excitation wavelengths
at 220, 320, and 410−500 nm. These bands are observed in the
PL excitation spectra of the as-prepared samples (Figure S11).
The excitation band at 220 nm is attributed to TiO2 host lattice
absorption. The band at 320 nm lies above the TiO2 band gap
and coincides with the f−f transition 6H5/2-4P3/2 of Sm3+ ions.
The excitations bands in the visible range (410, 420, 480, and
500 nm) correspond to f−f transition from ground state 6H5/2 to
the 4G7/2, 4D7/2, 4D3/2 and 4M15/2 excited states of Sm3+ ions.48

Under excitation at 220 nm (Figure 6a), the PL spectra show
corresponding PL emissions of excitons, such as photoinduced
electrons trapped by some surface oxygen vacancies (OVs) and
defects, as well as the recombination of photoinduced electrons
and holes.49,50 All of the samples exhibit PL signals with
comparable curve shapes, which confirm the presence of defects
in the host lattice. The PL peak intensity of 1% Sm-TiO2 is lower
than that of 1.5% Sm-TiO2 and 3% Sm-TiO2, which indicates
that an excessive amount of Sm has a detrimental effect on the
recombination of photogenerated electrons and holes.

Upon SA surface modification, the PL emissions from the
surface states and defects are quenched. The PL quenching may
have originated from contributions from the presence of the SA
ligand as an electron trap center. The combination of the SA
ligand and Sm-TiO2 led to the quenching of luminescence
probably due to the increased electron shuttling from the TiO2
CB and defect states to the ligand through the LMCT process in
the Sm-TiO2/SA complex.39 A similar PL quenching was also
observed in the LMCT complexes on TiO2 using various
electron-rich ligands (glucose, catechol, and carboxylate-rich
porous carbon, xanthene, and ascorbic acid).39,51,52

When the Sm-TiO2 samples are excited at 320 nm (Figure
6b), the PL spectra showed emission lines at around 584, 612,
664, and 726 nm that can be referred to as the 4G5/2 → 6H5/2,
6H7/2, 6H9/2, and 6H11/2 direct intra f−f transitions of Sm3+ ions,
respectively.53,54 We believe that all these transitions are
associated with the intra-f−f emission of Sm3+ ions. The sharp

emission lines indicate that Sm3+ ions were mainly incorporated
within the TiO2 matrix in an ordered environment. This agrees
with Raman scattering data about the anatase structure of the
Sm-TiO2 samples.

The PL emission intensity at 612 nm increases with the
increase in the Sm3+ concentration (3%). This indicates that
Sm3+ ions are the main emitters at excitation of 320 nm.
However, for the Sm-TiO2/SA samples, a partially quenching
phenomenon can be observed at increasing Sm3+ concentration
with a decrease in the intra-f−f emission of Sm3+.

The PL emissions of the 1.5% Sm-TiO2 and 1.5% Sm-TiO2/
SA samples were also studied under visible excitation wave-
lengths (λexc = 410, 420, 480, and 500 nm); these excitation
energies almost coincide with excited levels of Sm3+ ions (Figure
S11). In the case of 1.5% Sm-TiO2, the emission lines at around
584, 612, 664, and 726 nm can be ascribed to intra f−f
transitions of Sm3+ ions, as mentioned above.

However, some additional broad emission lines (marked with
circle symbols) were clearly detectable under direct excitation
λexc = 480 nm (not observable under 320 nm excitation) (Figure
S12). This suggests that two types of Sm3+-related emission
centers may occur in anatase TiO2. The existence of several Sm3+

emission centers points out the presence of charged defects
(probably OVs) in the proximity of Sm3+ ions.27

In contrast, all the Sm-TiO2/SA complexes (as shown here for
1.5% Sm-TiO2/SA) did not show any emission peak (Figure
6c), suggesting that the intra-f−f transitions of Sm3+ are strongly
suppressed.

A possible reason for the disappearance of PL emissions of
Sm3+ ions after SA modification is that the energy level of the
LMCT states of Sm-TiO2/SA samples (∼587−610 nm,
17,035−16,430 cm−1) lie below the energy state of 4G5/2
(∼562 nm, 17,980 cm−1). Thus, nonresonant energy transfer
is possible implying the energy released through emissive state
4G5/2 to SA ligand HOMO state, resulting in the quenching of
Sm3+-related emission centers (Scheme 1). The DR spectra of
Sm-TiO2/SA samples show that the absorption onset overlaps
with the f−f transitions of Sm3+(∼400−562 nm). This
phenomenon was also reported by Li et al.,55 who investigated
the energy-transfer mechanism and PL properties of lanthanide-
containing polyoxotitanate cages coordinated by salicylate
ligands [LnTi6O3(OiPr)9(salicylate)6]. They argued that the
LMCT state of salicylate-Ti4+ is too low in energy to facilitate
energy transfer to Ln3+ (Tb3+ and Dy3+), resulting in the absence
of Tb3+ and Dy3+ emission signals. When the complexes Sm-
TiO2/SA absorb photons of visible light, the electrons are
transferred from the SA ligand HOMO state to the TiO2 CB and
then migrate to the surface (to initiate photocatalytic reactions).

A practical way to confirm the above results is to evaluate the
intensity of intra-f−f transitions (emission) of Sm3+ ions after
removing the SA ligand. Figure 7 shows the emission spectra of
3% Sm-TiO2/SA obtained after heat treatments at 423, 523, and
723 K. As can be verified, the PL emission of Sm-TiO2/SA
cannot be observed after treatments at 423 and 523 K due to the
thermal and chemical stability of the SA ligand.56 With an
increase in the heat treatment temperature to 723 K, emission
lines similar to that of Sm-TiO2 were observed, indicating the
removal of the SA ligand. Here, the emissions of Sm3+ ions
within the Sm-TiO2/SA complex are mainly governed by the
LMCT process between the SA ligand and the Sm-TiO2 surface.
3.4. Photocatalytic Activity of the Sm-TiO2 and Sm-

TiO2/SA Samples. 3.4.1. Photodegradation of RhB under
Various Light Irradiation Sources. Figure 8a shows the
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dependence of the photodegradation of RhB on the Sm3+

concentration under natural sunlight irradiation. As already
detailed in the experimental section (vide supra), RhB
adsorption is very unlikely in the adopted experimental
conditions, in which both the molecule and the photocatalysts’
surface are positively charged. A blank experiment made in the
absence of any photocatalyst shows that the degradation of RhB
due to mere photolysis could be negligible, being much lower
(∼4.0%) than that due to photocatalysis (black symbols).

The order of removal efficiency of RhB with the different
photocatalysts under sunlight in the adopted experimental
conditions was as follows: 1% Sm-TiO2 (99.2%) > 1.5% Sm-
TiO2 (86.7%) > 3% Sm-TiO2 (81.4%) > undoped TiO2 (34.3%)

The different photocatalytic activity observed under sunlight
irradiation can be explained considering the emission properties
of Sm3+ ions: the PL emissions show that the Sm3+ ion is the
main efficient emitter under UV (λexc = 320 nm) and visible

excitations (λexc = 410−500 nm). In this contest, the PL
emission process competes with the RhB photodegradation
reaction, thus lowering the photocatalytic activity of the Sm-
TiO2 samples, and, especially at Sm3+ doping larger than 1.0%,
the photoemission process is more efficient. This competition
was also reported in the literature for Eu3+-doped oleate-capped
TiO2 NCs.57

The PL spectra (λexc = 220 nm) show that the intensity of the
Sm-TiO2 samples’ spectra was lower than that of undoped TiO2,
demonstrating that the separation of photogenerated carriers
was promoted. This was attributed to the introduction of Sm in
TiO2 to generate defects (OVs, Ti3+) (as shown for 1.5% Sm-
TiO2/SA) capturing photoinduced electrons, which could
effectively enhance the photocatalytic activity of the Sm-TiO2
photocatalysts.

Therefore, based on these results, the 1% Sm-TiO2 sample
was selected to proceed with the next photocatalytic experi-
ments.

The corresponding apparent reaction constants (k) were
quantitatively estimated by applying a pseudo-first-order model
[ln (C0/C) = kt] for RhB degradation (Figure S13a,b).
Obviously, the degradation rate of RhB within 120 min over
1% Sm-TiO2 under sunlight irradiation was found 1.14 and 1.25
folds higher than that of 1.5% Sm-TiO2 and 3% Sm-TiO2,
respectively.

Figure 8b shows the absorbance changes at 555 nm of RhB on
1% Sm-TiO2 photocatalyst under sunlight and UV light (Figure
S14a): the characteristic absorption band of the RhB molecule
around 555 nm decreased gradually, and a very limited shift of
the maximum absorbance of RhB was observed at the end of the
photocatalytic process (120 min). This result indicates that the
cleavage of the conjugated chromophore structure is the main
RhB degradation pathway with the 1% Sm-TiO2 sample.

The enhancement of the photocatalytic activity of Sm-TiO2
photocatalysts under UV and sunlight irradiation can be
attributed to the following factors: (i) doping of Sm3+ causes a
blue-shift of the absorption edge in the UV range. Hence, the
prepared Sm-TiO2 samples can utilize the UV light fraction of
sunlight with more efficiency than undoped TiO2; (ii) the
dispersion of Sm3+ ions on the TiO2 surface/grain boundaries
can lead to a charge imbalance, which is likely compensated by
hydroxyl groups. Thus, the addition of Sm3+ ions can lead to an
enhancement of the surface concentration of hydroxyl groups, in
agreement with the FTIR ATR spectroscopy results shown in
Figure 3. The extrahydroxyl groups could react with the
photogenerated holes (h+) to form very active hydroxyl radicals
(•OH), increasing the photocatalytic efficiency. According to
the literature, the •OH species predominantly attack the
chromophore structure and induce the cleavage of the ring
structure of the RhB molecule.58

The photocatalytic properties of the SA-modified Sm-TiO2
samples improved significantly under sunlight irradiation
(Figure 8c). The order of removal efficiency of RhB with the
different photocatalysts was 1% Sm-TiO2/SA (99.8%) ≙ 1.5%
Sm-TiO2/SA > 3% Sm-TiO2/SA > TiO2/SA within 60 min.
This is consistent with the DR-UV−vis spectra, which indicate a
broader red-shift of the absorption for 1% Sm-TiO2/SA
compared to 1% Sm-TiO2 samples. Therefore, significantly
enhanced photocatalytic activity was achieved under sunlight
and blue LED irradiation.

The apparent rate constants of 1% Sm-TiO2/SA, 1.5% Sm-
TiO2/SA, 3% Sm-TiO2/SA, and TiO2/SA are 0.074≙, 0.070,
0.034, and 0.0085 min−1, respectively (Figure S13c,d).

Scheme 1. LMCT Process and Transitions between the SA
Ligand and the CB of Sm-TiO2 (Red Bold-Arrow)a

aThe 2.11 eV gap corresponds exactly to the energy difference (cm−1)
between the HOMO of SA and the CBM of TiO2 (see Table 2). Non-
resonant energy transfer is possible implying the energy releasing
through emissive state 4G5/2 to SA ligand HOMO state (blue dash-
arrow).

Figure 7. PL emission spectra of 3% Sm-TiO2/SA treated at various
calcination temperatures.
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Comparison of the C/C0 shows that the 1% Sm-TiO2/SA needs
only 60 min to achieve 100% removal of RhB, i.e., 60 min in
advance as compared to the 1% Sm-TiO2 sample.

Figure 8d shows the intensity change of the RhB absorbance
band at 555 nm of RhB with the 1% Sm-TiO2/SA photocatalyst
under sunlight. Under both sunlight and blue light (Figure
S14b), the main absorption band of RhB (at 555 nm) decreases
rapidly in the first 30 min owing to the cleavage of the RhB
aromatic ring. However, after 60 min of the photocatalytic
process irradiation, the shift of wavelength reaches a maximum
at 497 nm. This new peak position resulted from the N-de-
ethylated product (namely, rhodamine, Rh-110).59,60 At this
stage, the color of the dispersion changed from an initial pink to
a light brown-yellow color. The absorption intensity at 555 nm
declines continuously, but the peak position is no longer shifting,
which indicates that both N-de-ethylation and cleavage of the
aromatic ring occur simultaneously, but N-de-ethylation is
predominant during the early stage of illumination, according to
the literature.61

3.4.2. Identification of the Photocatalytically Active
Species by In Situ Capture Experiments. Radical trapping
experiments were carried out to investigate the role of reactive
species in the photocatalytic degradation of RhB with 1% Sm-
TiO2 and 1% Sm-TiO2/SA under sunlight irradiation (Figures
S15 and S16).

For the 1% Sm-TiO2 sample (Figure S15), the addition of IPA
and EDTA induced a significant decrease in the degradation
efficiency, indicating that the •OH radicals and photogenerated
holes h+ are the main initiative species in the degradation of RhB
through the cleavage of the chromophore structure.

When K2S2O8 was added to the 1% Sm-TiO2/RhB system, the
degradation of RhB was enhanced, and 95% of RhB was
removed in 30 min of the photocatalytic process. S2O8

2− ions are
capable of scavenging the photogenerated electron eCB

−, thus

increasing the concentration of hVB
+, with a subsequent higher

•OH concentration on the TiO2 surface. S2O8
2− ions can also

lead to the generation of additional •OH radicals, as well as
sulfate (SO4

•−) radicals in solution. The promotion of the
charge separation followed by an increased production of •OH
and the generation of additional •OH and SO4

•− radicals could
explain the enhancing effect of S2O8

2−. Moreover, 85% of RhB
was degraded after 120 min when BQ was added into the system,
indicating that the O2

•− species were not responsible for the
degradation in the 1.0% Sm-TiO2 system under sunlight
irradiation.

In the case of 1% Sm-TiO2/SA, the addition of IPA results in
the decreased intensity of the RhB band at 555 nm with a limited
blue-shift (Figure S16), similar to what was observed when RhB
was degraded in the absence of scavengers. This result indicates
that the free •OH radicals do not participate in the N-de-
ethlyation of RhB. Since the standard redox potential of
H2O/•OH ∼ 2.7 eV is lower than the HOMO state of SA, the
•OH radical was not efficiently generated by the LMCT SA
system under sunlight irradiation.62 The absorbance of RhB was
reduced remarkably when EDTA was added, suggesting that the
holes can directly oxidize RhB. When BQ was added to the
reaction system, the RhB degradation was inhibited, and the N-
de-ethylation process was not observed. Adding K2S2O8 gives
similar behavior to BQ due to the absence of O2

•− species. This
result is consistent with the findings reported by Huang et al.,63

who reported that O2
•− species had strong advantages in

attacking the N-ethyl group, leading to Rh-110 rather than the
cleavage of the RhB-conjugated structure.

4. CONCLUSIONS
A stable and novel visible-light-sensitive Sm-TiO2/SA complex
was synthesized via a sol−gel procedure followed by

Figure 8. Degradation of RhB with TiO2 and Sm-TiO2 samples under sunlight irradiation (a). Normalized UV−vis spectra during the degradation of
RhB for 1.0% Sm-TiO2 under sunlight (b). Degradation of RhB with the TiO2/SA and Sm-TiO2/SA samples under sunlight irradiation (c).
Normalized UV−vis spectra during the degradation of RhB for the 1.0% Sm-TiO2/SA under sunlight (d).
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impregnation. FESEM analysis confirmed that the Sm-TiO2
samples consist of spherical primary particles and that the
morphology was maintained after impregnation with SA.

The IR and XP spectroscopic studies of the Sm-TiO2/SA
complex highlight the presence of the aromatic ring and
phenolic and carboxylic acid functional groups of the SA ligand.
In the presence of Sm species, the interaction of SA with the
surface is enhanced, likely due to the formation of Lewis acid/
base adducts.

DR UV−vis spectroscopy indicates that the LMCT
mechanism induces visible light absorption in both the TiO2/
SA and Sm-TiO2/SA samples. With increasing concentration of
Sm3+, the absorption edge increases from 584 to 610 nm,
indicating that Sm3+ ions are involved in the LMCT mechanism,
which was supported by the PL analysis, showing that Sm3+ ions
efficiently emit under both UV (λexc = 320 nm) and visible
sources (λexc = 410−500 nm).

Due to the limited contribution of Sm3+ PL, the 1% Sm-TiO2
and 1% Sm-TiO2/SA samples exhibited higher photocatalytic
activity, in terms of RhB total conversion, than the other doped
samples and of undoped TiO2 under sunlight irradiation. The
reasons are, however, different and related to the optical
properties of the two samples: 1% Sm-TiO2 can efficiently
exploit the UV fraction of sunlight, whereas the 1% Sm-TiO2/SA
complex can efficiently exploit the visible fraction of sunlight.

The cleavage of the conjugated chromophore structure is the
main RhB degradation pathway with the Sm-TiO2 samples. The
synergistic effect of both the LMCT process and the Sm3+

doping leads to selective photocatalytic conversion (N-de-
ethylation) of RhB to Rh-110 with the Sm-TiO2/SA samples.
The different pathways could be due to the different active
species (•OH and •O2

−) generation mechanisms occurring in
these two materials.
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