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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini This paper focuses on optimizing the photocatalytic performance of anatase TiO, nanoparticles by employing

two key methodologies: additive segregation and transition metal doping. We investigate the effects of incor-

Keywords: porating chromium (Cr), copper (Cu), iron (Fe), and manganese (Mn) into the semiconductor. Using selective
S}’l‘atase I dopant lixiviation and X-ray photoelectron spectroscopy (XPS), we confirm the surface segregation of the dop-
otocatalysis

ants, which significantly affects the catalytic activity of the nanoparticles. We systematically demonstrate that
Cr-doped TiO; enhances the catalytic oxidation of acetaminophen compared to pristine TiO5 and alternative
dopants, particularly under low-energy light sources. This enhanced performance is attributed to the segregation
of Cr ions on the semiconductor surface. Furthermore, photocatalytic assessments under UV and white light
irradiation, along with catalysts subjected to dopant removal via selective lixiviation, consistently demonstrate a
return to photocatalytic efficiencies mirroring those of the undoped sample. These findings underscore the major

Advanced oxidation processes
Dopant segregation

role of surface composition in dictating the photocatalytic capabilities of TiOp-based photocatalysts.

1. Introduction

Photocatalytic applications of pure and doped TiOy have gained
significant attention due to their ability to degrade pollutants and
organic compounds under UV light irradiation [1,2]. These applications
include water purification, air purification, and self-cleaning surfaces
[2]. Moreover, developing an efficient and stable TiO2 photocatalyst is
crucial for addressing environmental issues and improving quality of life
[1,3,4]. Pure TiO; has a wide bandgap, which limits its photocatalytic
activity to the UV region. However, doping TiO with different metal or
nonmetal elements can modify its bandgap, extend its activity to the
visible light range, and reduce charge carrier recombination [5]. Doped
TiO, photocatalysts have been found to be more effective than pure TiO2
in degrading pollutants, such as dyes, pesticides, and pharmaceuticals,
as well as in bacterial inactivation. The efficiency of photocatalysis can
also be enhanced by controlling the morphology and surface area of
TiO4 nanoparticles [1], which can be achieved by selecting dopants or
so-called additives prone to interface segregation.

Additive segregation on anatase interfaces occurs when ions
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preferentially adsorb on the surface or at the grain boundary (solid-
solid interface) of anatase TiO, nanoparticles [4,6,7]. This phenomenon
reduces interface energies, as predicted by Gibbs adsorption theory
[8-10]. Additive segregation can also alter the electronic structure and
surface acidity/basicity of anatase TiO nanoparticles, significantly
affecting their catalytic activity [11-13]. The degree of additive segre-
gation can be controlled by varying the preparation method and con-
ditions, such as the type and concentration of the additive, temperature,
pH of the solution, chemical affinity, and the atmosphere during calci-
nation [14-18]. Understanding additive segregation on anatase surfaces
is essential for optimizing the performance of anatase TiOy-based cata-
lysts and for designing new catalysts with improved efficiency and
selectivity.

In this study, we selected four transition metal elements, Cr, Cu, Fe,
and Mn, and carefully studied their interfacial segregation in TiO,
nanoparticles and their influence on photocatalytic activity. The segre-
gation of transition metals on the surface of anatase can impact photo-
catalytic activity by altering the composition of adsorption sites.
Furthermore, their ability to be stable between different valence states,
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facilitated by the stability of electron numbers in the d-shell orbitals, and
their capacity to absorb visible light may also contribute to this phe-
nomenon. Importantly, since these metal ions are not expected to
participate in the bulk of the material, their influence on the concen-
tration of electronic defects in the energy bands is probably minimal.
Studies investigating the effects of additive ions such as Cr, Fe, and Cu on
the recombination of electron-hole pairs in anatase have shown that the
presence of these ions leads to an increase in the recombination rate.
This outcome suggests that the phenomenon must have a different pri-
mary cause. In the same study, the authors also observed a shift in the
point of zero charge, indicating alterations in surface chemistry [19].

Transition metals have partially filled d-shell orbitals, which can
interact with ligands and affect the stability of the oxidation state [20].
It is common for transition metal ions to have multiple oxidation states
due to their ability to lose or gain electrons from their partially filled
d-shell orbitals. The strength of the metal-ligand bond can modify the
energy required to remove or add these electrons and change the
oxidation state stability of transition metal cations. The coordination
number of these ions can also influence this stability [21-23]. Metal
cations with a higher coordination number tend to be more stable
because they are surrounded by more ligands, which can better stabilize
the oxidation state of these ions. Additionally, this stability can also be
affected by the nature of the ligands: a stronger field tends to form more
stable products with the metal cation, thereby influencing the stability
of its oxidation state. The coordination environment provided by the
surface can also affect the stability of the transition metal ion. Due to the
low stability on the surface, an increase in the reactivity of transition
metal ions is expected. It is evident that the surface properties play a
crucial role in determining the variable degrees of oxidation or reduc-
tion processes exhibited by each individual metal ion.

The electronic configuration of transition metals, including chro-
mium, copper, manganese, and iron, imparts them with the capability to
absorb visible light. The partially filled d-orbitals of these metals allow
for electron excitation between distinct energy levels upon absorption of
photons with specific wavelengths [21-23]. This interaction can
enhance charge transfer during photocatalysis by synergizing with the
electronic structure of TiOs. Through the incorporation of segregated
transition metals, along with their specific electronic configurations and
the surrounding material, it becomes possible to modify light absorption
properties and thereby influence the efficiency of charge transfer during
photocatalysis [19,24,25].

The application of the selective lixiviation technique facilitates the
targeted removal of segregated ions, allowing for a focused evaluation of
their actual impact on the photocatalytic properties of TiOy [7,26-28].
This work aims to retain soluble ions in the bulk while exclusively
eliminating those segregated on the surface and in direct contact with
the solution. The goal of this research is to accurately determine the
specific contribution of the dopants by analyzing the photocatalytic
activity before and after selective lixiviation.

2. Materials and methods
2.1. Synthesis of undoped and doped TiO, nanocatalysts

TiOg-based catalysts were synthesized using a variation of the
polymeric precursor method. In this method, the titanium oxide poly-
meric precursor was prepared by mixing titanium isopropoxide (19.4 wt
% - Sigma—Aldrich, >97.0 wt % purity) and ethylene glycol (45.4 wt% -
Synth, CoHgO2 > 99.0 wt % purity) at 40 °C, increasing the temperature
to 70 °C, and adding citric acid (35.2 wt % - Synth, C¢gHgO7, >99.0 wt %
purity). The resulting solution was then heated to 120 °C for 1 h to
promote a polyesterification reaction [29]. Doping was performed using
acidic solutions containing the dopant cation at a concentration of 0.2
mol L1, These solutions were prepared by dissolving the appropriate
amount of the cation nitrate in an aqueous nitric solution (0.1 mol L’l),
which served as a solubilizing medium. The final cation concentration of
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0.2 mol L~! was confirmed by ICP analysis [29]. The cations chosen as
dopant additives were Cr, Cu, Fe, and Mn, selected for their ability to
exhibit multiple oxidation states. A thermogravimetric analysis of the
precursor resin containing Ti ions was performed to ascertain the
quantity of TiO,. The requisite amount of precursor resin was weighed,
and acidic solutions of each transition metal ion were incorporated to
reach the specified concentration of 1 mol%.

The nanoparticles were obtained by mixing calculated amounts of
the polymeric precursor and the dopant solution, targeting a dopant
molar concentration of 1.0 %. For the preparation of undoped TiO5, no
dopant solution was added to the polymeric precursor. The calcination
was carried out in two steps. First, the samples were held at 350 °C in air
for 4 h to decompose the organic matrix of the precursor. Then, the
resulting powders were manually ground with a mortar and calcinated
again at 350 °C in air for 15 h to promote particle size stabilization and
complete the oxidation process [29]. The samples were named accord-
ing to the dopant transition metal cation and are referred to as TiO,
TiO5-Cr, TiO2-Cu, TiO5-Fe, and TiO5-Mn in the remainder of this work.

2.2. Sample characterization

The chemical compositions were analyzed by X-ray fluorescence
(XRF) using a Malvern Panalytical Zetium spectrometer. X-ray diffrac-
tion patterns were obtained using a Panalytical Empyrean diffractom-
eter with Cu-K, (A = 1.5406 nm) radiation at 0.02° steps per second.
Data were collected in the 20 range of 5-90° and analyzed using Pan-
alytical X"Pert HighScore Plus software. Crystallite sizes were calculated
using the Rietveld refinement method with an aluminum-magnesium
spinel powder (COD No. 96-900-2165) as a standard. The density of
the powders was assessed by gas pycnometry using a Micrometrics
AccuPyc II 1340 gas pycnometer after 200 degassing purges. Specific
surface areas were measured using the Brunauer-Emmett-Teller (BET)
method with nitrogen gas adsorption (77 K) in a Micromeritics Gemini
VII system. The samples were prepared by applying a degassing treat-
ment at 300 °C for ~16 h in a Micromeritics VacPrep 061.

2.3. Surface characterization

The surface excess of the cationic dopants in the TiO5 nanocatalysts
was determined using a selective surface lixiviation method [7,26,29],
and X-ray photoelectron spectroscopy (XPS) was used to confirm the
presence of segregated dopants on the surface. Surface lixiviation was
performed by mixing ~100 mg of the powder with 2 g of an acid solu-
tion, followed by ultrasonication for 1 h and centrifuging at 13,000 rpm
(10,390 G) for 20 min. The acid solution used for the TiO5-Cu and
TiO2-Mn samples was a 0.1 mol Lt HNOj3 solution (pH = 1), while for
the TiO,-Cr and TiO,-Fe samples, an aqua regia solution (1:3 M ratio of
nitric acid to hydrochloric acid) was used. After centrifugation,
approximately 1 g of the supernatant solution was collected, diluted in
~10 g of deionized water, and analyzed by inductively coupled plasma
optical emission spectroscopy (ICP-OES) using a Spectro Across spec-
trometer. The lixiviated powders were washed five times using the same
ultrasonication and centrifugation procedure but with distilled water
instead of an acid solution. Between each wash, the water was discarded,
and the same amount of clean distilled water was added. The lixiviated
and washed powders were dried at 70 °C for 24 h. The samples subjected
to the lixiviation treatment received the identification prefix "lix" for
labeling purposes.

EELS measurements were conducted using a JEM-2100F (JEOL)
equipped with an 863 GIF Tridiem spectrometer (Gatan). The mea-
surement was carried out in STEM mode. The probe size used was 0.5
nm, the pixel size for the EELS image spectrum was 0.35 nm, and the
pixel acquisition time was 0.25 s. The spectral image was processed with
PCA using temDM software [30].

XPS measurements were performed using a UNI-SPECS UHV spec-
trometer with a pressure of less than 5 x 107 Pa. An Al K, line was used
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as the ionizing source, and the pass energy was set to 10 eV. The inelastic
noise from the high-resolution spectra was subtracted using Shirley’s
method. Voigt profiles with a Gaussian (70 %) and Lorentzian (30 %)
combination were used to deconvolute the spectra. Peak indexing was
performed according to the National Institute of Standards and Tech-
nology database with an accuracy of ~0.1 eV.

2.4. UV-VIS and photoluminescence spectroscopy

A Shimadzu UV-VIS-NIR UV-3600i Plus spectrometer was used to
measure the reflectance of the photocatalyst powders. The system was
equipped with an integrating sphere to correct for light scattering effects
during data collection. The reflectance was determined by diffuse
reflectance spectroscopy (DRS). A Shimadzu RF-5301 PC spectrofluo-
rometer was used to collect the photoluminescence spectra with an
excitation wavelength of 350 nm, an excitation slot of 15 nm, an emis-
sion slot of 10 nm, an emission range of 360-700 nm, and step size of 1.0
nm.

2.5. Photocatalysis

The photoactivity of the powders was studied through the degrada-
tion of acetaminophen (ACT), also known as paracetamol, which was
selected as a model contaminant. ACT was chosen as the test molecule
for evaluating catalytic efficiency due to its established use as a standard
reaction for quantifying the photocatalytic activity of TiOg [31]. This
choice minimizes potential interference from UV radiation-induced
decomposition or surface adsorption, allowing for an accurate assess-
ment. Furthermore, paracetamol demonstrates well-known and distinct
decomposition mechanisms, enhancing the reliability of the experi-
mental results [31]. The tests were performed in a batch reactor con-
taining a suspension with 5 mg of photocatalyst in 4 mL of a 5 ppm
aqueous solution of acetaminophen prepared with ultrapure water
(18.2 MQ cm) from a Milli-Q® system (Millipore). A magnetic stir bar
was used throughout the analysis to homogenize the suspension. First,
the system was kept in the dark for 30 min to establish
adsorption-desorption equilibrium. Subsequently, the system was illu-
minated with LED chips that irradiated the reactor perpendicularly. The
LED chips used in this work were a UV LED chip (peak emission at 365
4+ 5 nm and irradiance of 4.46 mW cm’z), a white LED chip to simulate
white light irradiation (irradiance of 22.7 mW cm™2), and a green LED
chip (peak emission at 520 + 5 nm and irradiance of 21.2 mW cm2).
Aliquots of 0.1 mL were collected at regular intervals, filtered, and
diluted in 0.8 mL of deionized water [32]. The concentration of ACT in
these solutions was evaluated using a Shimadzu UFLC 20 AD
high-performance liquid chromatography system by UV absorbance
(243 nm) after separation using a reverse-phase column (Luna C18, 5
pm, 250 x 4.6 mm, Phenomenex Inc.). A mobile phase of methanol:
water (1:3) was used at a flow rate of 1.0 mL min’l, with an injection
volume of 50 pL and a retention time of ~7 min. These analytical con-
ditions provided ACT detection and quantification limits of 0.08 mg L™}
and 0.24 mg L™}, respectively [33]. To improve the interpretation of the
data, a simplified kinetic model based on a system of ordinary differ-
ential equations (ODE) was used. The model is detailed in Supporting
Material 01 (SMO1). The code was written in Scientific Python Devel-
opment Environment (v. 4.1.5, Spyder-IDE.org) using the programming
libraries Numpy [34], SciPy [35], and Imfit [36]. The model was solved
by minimizing the difference between the simulated and experimental
ACT concentrations. The minimization was carried out numerically
using the Nelder-Mead method [37]. The ODE system was solved at
every minimization step using the LSODA algorithm implemented in the
odeint function of the library.
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3. Results and discussion
3.1. Characterization of the nanoparticles

The analysis of the chemical composition of the samples (Table 1)
indicates that the dopant concentrations are all close to the target value
of 1 mol%.

Fig. 1 shows the X-ray diffraction patterns of the samples. Peaks
marked with a "[]’ correspond to anatase (COD 96-901-5930), while
those marked with a *\/” correspond to rutile (COD 96-900-4143). The
TiOg, TiO2-Cr, and TiO»-Cu samples exhibited ~3 % volume fraction of
rutile, which is not significant for interpreting the results.

The crystallite sizes of the TiO2 nanopowders were determined using
Rietveld refinement (Table 2). All samples exhibited crystallite sizes in
the nanometer range, confirming their nanostructured nature. This
nanocrystalline characteristic was further corroborated by the broad-
ened peaks observed in the XRD patterns, as shown in Fig. 1.

The dopants were observed to reduce the average crystallite size of
the materials compared to undoped TiO,. This trend, previously re-
ported for doped TiO5 [6,7,26,29], is attributed to dopant segregation at
interfaces. Such segregation decreases interface energies [10], thermo-
dynamically favoring the formation of nanostructures with smaller di-
mensions than those produced without dopants. Additionally, interface
energies play an important role in the thermodynamics of phase trans-
formations in TiO5 [9,38] so that changes in these energies can influence
the stability of the phases present in the material [4].

According to the theory of phase transformation of nanostructured
titanium dioxide, there is a critical particle size above which rutile be-
comes thermodynamically more stable than anatase [4,9]. In the sam-
ples exhibiting both phases, the crystallite size of rutile is larger than
that of anatase. This observation suggests that, similar to particle size, a
critical crystallite size exists beyond which the transformation from
anatase to rutile occurs. The results of this study indicate that this crit-
ical crystallite size lies between 21 nm and 27 nm.

The densities of the samples, measured by gas pycnometry with
helium, are presented in Table 2. These values deviate from the theo-
retical density of 3.89 g cm™> for anatase. The undoped sample has the
closest density to the theoretical value. In contrast, the doped samples
exhibit lower densities than pure TiOs. Such deviations have also been
reported for TiO, doped with alkaline-earth metals [6] and are likely
related to the presence of defects introduced by the dopants and the
nanostructured nature of the materials.

In this study, interfaces were categorized into two groups: solid-solid
interfaces, referred to as grain boundaries (GBs), and solid-gas in-
terfaces, or surfaces. The total interfacial area (TIA), which represents
the total specific area, was calculated based on the weighted average of
anatase and rutile crystallite sizes (d) and the powder density (p) pro-
vided in Table 2, as described in Equation (1). The crystallites were
modeled as tetrakaidecahedra, an energetically favorable geometric
shape [9,39].

k
TIA=— Equation 1
pd
Table 1

Chemical composition of the samples prepared to the target dopant concentra-
tion of 1 mol%.

Chemical composition (mol%)

TiO, Cr Cu Fe Mn

100.0 - - - -
98.7 1.3 - - -
98.9 - 1.1 - -
98.8 - - 1.2 -
99.0 - - - 1.0
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Fig. 1. XRD of TiO, and doped TiO, prepared at 350 °C for 15 h in air.
Table 2

Crystallite sizes (calculated by Rietveld refinement) and pycnometric density (p)
of the samples.

Sample Crystallite sizes (nm) p(gem™3)
Anatase Rutile

TiO, 21.5+0.3 27 £2 3.60 + 0.01

TiO,-Cr 12.6 £ 0.1 21+2 3.49 £0.01

TiO2-Cu 15.6 + 0.2 45+6 3.50 + 0.01

TiO,-Fe 13.4 £ 0.1 n.d. 3.50 £ 0.01

TiOo-Mn 10.1 £ 0.1 n.d. 3.41 £0.01

where k is a shape factor derived from the ratio of the surface area to the
volume of the geometric shape. For a tetrakaidecahedron, k = 6.7.

The specific grain boundary area (SGB) was calculated using Equa-
tion (2), with the specific surface areas obtained from gas adsorption
(Sper). It was assumed that each grain boundary is shared by two grains
and, given the nanometric nature of the material, that one crystallite
corresponds to a single grain.

TIA — SBET

B—
SG 3

Equation 2

The surface excess (I's) was calculated using the dopant concentra-
tion in the solution obtained from the selective lixiviation method, as
described by Equation (3), where n, represents the number of moles of
dopant on the surface, determined according to SM02.

M

Is Equation 3

B SBET
The results obtained for the total interfacial areas and surface excess
are presented in Table 3.

The doped samples exhibit larger specific surface areas (Sggr) and
specific grain boundary areas (SGB) compared to the undoped sample.
This increase is attributed to dopant segregation, which reduces inter-
facial energy [10,40]. The resulting decrease in interfacial energy

Table 3
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enables doped materials to achieve thermodynamic equilibrium with
larger specific interfacial areas (surface and/or grain boundaries) than
undoped materials [9]. Similar trends of increased interfacial specific
areas due to dopant segregation have been reported for TiO, doped with
alkaline earth metals [6,26,29], niobium oxide [4], and ZnO [7].
Furthermore, the presence of excess surface confirms the occurrence of
dopant segregation.

When dopants are introduced into a material, the ratio of grain
boundary area to specific surface area may decrease [41] or increase
[28], depending on whether the dopants preferentially segregate on the
surface or at the grain boundary, respectively. In this study, the
SGB/Sggr ratio decreased for all compositions, indicating a preference
for the dopants to segregate on the surface, leading to a reduction in
surface energy and stabilization of this interface. Additionally, surface
segregation alters the surface sites, modifying both the surface energy
and the chemical composition. These changes are expected to influence
the photoactivity of the material. Indeed, the segregation of dopants on
the TiO, surface plays a critical role in determining its photocatalytic
activity, with the chemical composition of the catalyst surface emerging
as the primary factor, as demonstrated later.

Surface segregation was also evaluated by STEM EELS elemental
mapping, with the TiO,-Cr sample selected due to the complexity of this
measurement. Fig. 2a shows the HAADF image with an orange box
highlighting the region where the spectral image was acquired. Fig. 2b,
¢, and 2d display the peak intensity maps for titanium (red), oxygen
(blue), and chromium (green), respectively, while Fig. 2e illustrates the
ratio between Cr and Ti peak intensities. The Ti and O maps exhibit
contrast variations similar to those in the HAADF image, where thinner
regions appear darker across all three images, while the contrast
observed in the Cr map is more homogeneous in all images. As shown in
Fig. 2e, the Cr-to-Ti ratio indicates chromium enrichment at the nano-
particle edges. For instance, the dark blue region (purple arrow) has an
average ratio of 0.05, while the white edge region shows a significantly
higher average ratio of 0.39, indicating an 8-fold enrichment of Cr at the
edge. These findings suggest the formation of a Cr-enriched surface
layer, consistent with the surface excess observed through the selective
surface lixiviation method discussed earlier. Similar surface dopant
enrichment has been observed in other systems, such as BaO-doped TiO4
[27], SrO-doped TiO2, and MgO-doped TiO5 [26].

3.2. XPS analysis

X-ray photoelectron spectroscopy (XPS) analyses were conducted on
pure TiO3 and TiO2-Cr samples, selected for their notable photocatalytic
performance under UV light irradiation using a monochromatic LED
chip, as described in the photoactivity section. Additionally, the lixivi-
ated TiO-Cr sample (TiO2-Cr-lix) was analyzed to assess the removal of
surface dopants during the selective lixiviation process.

The high-resolution spectra of the Ti 2p peaks of the pure TiO5 and
TiO5-Cr samples (Fig. 3) confirm the presence of Cr ions on the surface of
the doped samples. Deconvolution revealed components exclusive to the
doped samples, corresponding to interactions of Cr cations with tita-
nium and oxygen on the surface.

The high-resolution spectra of the Cr 2p peaks of the TiO2-Cr and
TiO9-Cr-lix samples (Fig. 4) show that the most abundant Cr cation on
the surface is Cr®* (in the form of CryOs and Cr(OH)s). Hexavalent

Total interface area (TIA), specific grain boundary area (SGB), and surface excess (I's) in TiO, nanopowders (% segregated of total additive amount).

Sample TIA (m? g 1) Sger (m? g™ 1) SGB (m?g™1) SGB/Sggr Is (umol m~2) % total segregated
TiOy 86 + 3 325 +0.2 27 +£3 0.83 - -

TiO5-Cr 150 + 4 76.1 +£ 0.4 37+ 4 0.49 0.297 + 0.001 13.5+ 0.1
TiO,-Cu 116 + 4 57.9 +£0.3 29+5 0.50 0.890 + 0.004 36.9 £0.3
TiOy-Fe 142 £ 2 65.2 +£ 0.3 39 +2 0.60 0.163 £+ 0.001 07.4 £ 0.1
TiO>-Mn 196 + 2 86.8 £ 0.4 54 +2 0.62 0.272 £+ 0.001 18.4 + 0.1
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0.01

Fig. 2. STEM EELS mapping of the TiO,-Cr sample. a) HAADF image with an orange box where the spectral image was acquired. b), c), and d) intensity peak maps
for titanium (red color), oxygen (blue color), and chromium (green color), respectively; e) ratio between Cr and Ti peak intensities. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. High-resolution spectra of (a) TiO, and (b) TiO-Cr samples.
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Fig. 4. High-resolution spectra of the Cr 2p peaks from TiO,-Cr (a) and TiO,-Cr-lix (b) samples.
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chromium cations (in the form of CrOg3) are also present on the surface, The area of the peaks corresponding to Cr>* decreased more signif-
as shown by the deconvolution peaks. These results confirm that tran- icantly than that of Cr%" after leaching, indicating that the lixiviation
sition metal cations can exhibit multiple valence states on the surface, process preferentially removed trivalent chromium from the surface.
supporting their selection as dopants in this study. Quantitative chemical analysis by XPS was not feasible due to the

TiO,
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Fig. 5. UV-visible reflectance curves obtained from diffuse reflectance spectroscopy (DRS) along with the Tauc plots of the model incorporating the Kubelka-Munk
function applied to TiO, nanopowders.
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overlap of the Cr 2p peak with the Ti 2s peak and the detection limit of
the equipment (~0.5 atoms%) [42]. However, since peak areas are
directly proportional to the concentration of the corresponding species
[42], a comparison of the Cr 2p peaks before and after lixiviation sug-
gests that approximately 26 % of the chromium ions were removed from
the surface during the lixiviation process.

3.3. Bandgap energy estimation

The bandgap energies (Eg) were estimated by applying the Tauc
model (TAUC, 1968) to the UV-Visible diffuse reflectance spectra
(Fig. 5). This model is described by Equation (4):

==

(ahv)f = (hv — Ey) Equation 4
where « is an absorption constant, h is the Planck constant and v is the
frequency of the photon. The variable § depends on the nature of the
electronic transitions and is equal to 2 for indirect electronic transitions,
as is the case for TiO5 [43].

The absorption constants (a) were estimated by applying the
Kubelka-Munk function [44], described by Equation (5), to the DRS
curves (Fig. 5). In this function, R, is the ratio of the sample reflectance

to the standard used.

(1 — RDO)Z

a~FR)= 5R

Equation 5
The curves obtained by applying the Tauc model combined with the
Kubelka-Munk function (Equation (6)) are shown in Fig. 5.

(F(R)hw)2 = (hu — Ey) Equation 6

Typically, the energy gap (Eg) is defined as the intersection of the
extended linear region of the Tauc curve and the x-axis. However, the
presence of defects and dopants can interfere with the discontinuity of
the curve associated with the energy gap, potentially leading to a
misinterpretation of Eg Ref. [43]. This interference is most prominent in
regions corresponding to visible light absorption, as seen in the Tauc
curves of the doped samples (Fig. 5). To address this, a correction was
applied to the estimation method: E; was estimated as the intersection
between the extension of the linear region of the curve and a baseline
drawn at the end of that region [43]. The corrected E; values are also
presented in Fig. 5.

The corrected energy gaps align closely with the commonly reported
value for anatase, the predominant phase in the samples, at approxi-
mately 3.2 eV [45]. Additionally, the TiO,-Cr sample exhibited two
extra discontinuities in the Tauc curve at (2.1 4+ 0.1) eV and (1.3 +0.1)
eV, as shown in Fig. 5. These features are likely associated with light
absorption phenomena caused by electronic transitions within the
incomplete d-shell orbitals of the Cr cations.

XPS analysis revealed that Cr®" cations, with an electronic configu-
ration of [Ar]3 d3, are the most abundant chromium species on the
surface of the TiO,-Cr sample. It is hypothesized that these Cr>* ions
form a crystal field on the surface [21-23]. Given the complexity of the
atomic bonds present at the surface, this crystal field is assumed to
exhibit octahedral symmetry [21-23], which is inherently more intri-
cate than tetrahedral symmetry. Additionally, as Cr>* possesses three
unpaired electrons, the resulting crystal field is considered to be weak.

With these considerations in mind, the energies associated with
electronic transitions in d-shell orbitals in a crystal field can be esti-
mated using the Orgel [46] and Tanabe-Sugano [47] diagrams for a
transition metal with d® orbitals in an octahedral crystal field. Both di-
agrams are provided in SMO03. According to these diagrams, the ground
state of the electrons, in spectroscopic notation, is 4A2g, with three
possible transitions. These transitions are represented in spectroscopic
notation as:
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V1t 4AZg - 4T2g
Va: 4A2g — 4T1g (F)
va: *Agg — *Tyg (P)

The Tauc curve showed only two absorptions at approximately 1.3
eV (v ~ 10500 cm 1) and 2.1 eV (v ~ 17000 cm™ 1. According to the
Tanabe-Sugano diagram (T-S diagram), these absorptions could be v;
and vy or vy and vs. The value of B, a parameter related to the repulsion
between the electrons of an atom, was also calculated using the T-S
diagram for these two possibilities. The values obtained were 854 cm ™!
and 270 cm ™! for the first and second possibilities, respectively. The
value of B for free Cr>t ions is ~845 cm™! [48]. Therefore, the ab-
sorptions observed in the Tauc curve were v; and vo. From the T-S dia-
gram, the value of the crystal field splitting energy (10Dq) is
approximately 10250 em L.

The Orgel diagram indicates that the first absorption v; corresponds
to 10Dq, as shown in SM03, which is consistent with the initial estimate
made by the Tauc curve (~10500 c¢m ). The estimated value for Vo is
also compatible with the calculated value. To confirm the presence of
the third absorption in the Tauc curves, the value of v3 was calculated
considering the Orgel diagram; the value obtained was approximately
26560 cm ™!, which corresponds to ~3.3 eV. This energy is close to the
3.2 eV observed in the Tauc curves. Thus, the phenomenon of light
absorption at 3.2 + 0.1 eV could be due to both the transition of an
electron from the valence band to the conduction band and electronic
transitions within the d-shell orbitals of the dopant cation.

3.4. Photoluminescence

Fig. 6 shows the emission spectra obtained by photoluminescence
spectroscopy when exciting the samples with a monochromatic beam
with A = 350 nm. All samples show the same emission peaks at
approximately 2.20 eV, 2.62 eV, and 2.78 eV. These peaks represent
three different electronic transitions involving intermediate energy
levels within the energy gap of the photocatalyst. The observation that
doped samples share the same transitions as the undoped sample sug-
gests that doping did not create additional intermediate energy levels.
Notably, the emission at 2.20 eV from the TiO,-Cr sample can also be
attributed to the v, transition in the Cr d-shell orbitals in the crystal field,
which has the same associated energy.

The relative intensities of the peaks vary among the samples. For
instance, samples doped with Cu, Fe, and Mn cations exhibit emission
peaks at ~2.20 eV with higher relative intensities compared to the same

Intensity (a.u.)

1.8

1920 2

Energy (eV)

Fig. 6. Emission spectra obtained by photoluminescence spectroscopy.
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peak in the undoped material. On the other hand, the sample doped with
Cr cations has an emission peak at ~2.78 eV with a higher relative in-
tensity compared to the pure TiO5 sample. The intensity of an emission
peak can be related to the amount of intermediate energy levels involved
in the emission process [49]. Thus, while the dopants did not create new
intermediate energy levels, their presence influenced the relative
quantities of these levels in the samples.

3.5. Photoactivity

Understanding the ability of the catalyst to transfer charges to
adsorbed species is crucial in photocatalysis. In this study, acetamino-
phen was chosen as the reference molecule to evaluate the photo-
catalytic performance of the materials. Photodegradation of
acetaminophen occurs through a sequence of oxidation reactions, typi-
cally starting with the transfer of a photogenerated hole from the cata-
lyst to a hydroxyl group adsorbed on the surface, forming eOH radicals
that can oxidize acetaminophen [50,51]. However, modifications of the
surface chemical composition by cation segregation can alter the natural
mechanism. If the surface of the photocatalyst has its composition
modified by segregated cations, the reaction mechanism involving the
formation of eOH radicals may be different for the doped samples than
for the undoped samples, which would directly affect the photocatalytic
performance of the material. The charge transfer to the chemical species
in aqueous solution is fundamental to the reaction kinetics, and if the
bandgap structure is less affected than the chemical composition of the
surfaces, the role of segregated species could be determinant for the
catalyst performance.

The Langmuir-Hinshelwood kinetic model, which is commonly
applied to TiO; [52,53], was used to interpret the degradation curves of
acetaminophen. Specifically, for low concentrations of the model
contaminant (as in this study), the model is expressed according to
pseudo-first-order kinetics for a batch reactor, as shown in Equation (7)
[53]. This model considers the following assumptions: all reactants are
adsorbed and can be desorbed, the intermediate products have a very
short lifetime, one of the steps defines the overall reaction rate, and the
reactor volume is constant.

In (%s)) = — kppot

where C(t) is the concentration of the organic contaminant at time t, Co
is its initial concentration (5 ppm for this study), and k,, is the pseudo-
first-order kinetic constant.

Equation 7
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For the sake of simplification, the monochromatic UV wavelength
LED chip, the white LED chip to simulate white light, and the mono-
chromatic LED chip to simulate green light (A = 520 nm) will be referred
to as LED-UV, LED-white, and LED-green, respectively, throughout the
rest of this study.

3.5.1. Photoactivity - UV

In the photocatalytic tests using LED-UV, all lixiviated and non-
lixiviated samples were analyzed (Fig. 7). The kinetic constants for the
nonlixiviated (kppo) and lixiviated (kppo1ix) samples correspond to the
slope of these curves. The values found are represented in Table 4.

The degradation curves show that dopants segregated on the surface
are the main factors responsible for the different photocatalytic activ-
ities of the doped samples. The doped samples that showed lower pho-
toactivity than the undoped sample (TiO,-Cu and TiO2-Mn) had their
photocatalytic activity enhanced when dopants were removed from the
surface. The Fe cations segregated on the surface, on the other hand, did
not cause a significant change in the photocatalytic activity of TiOz. The
photocatalytic performance of the TiO,-Cr sample, which showed higher
photoactivity than the pure TiO5 sample, worsened after lixiviation of
the chromium cations from the surface. The photoactivity of this sample
was the closest to that of the undoped sample. As indicated by the XPS
results, lixiviation removed approximately 26 % of the dopants segre-
gated on the surface. The remaining dopants on the surface are
responsible for the fact that the material still exhibits better photo-
catalytic performance compared to the undoped sample.

Finally, the possibility that the presence of both rutile and anatase in
some samples influenced the photocatalysis results was analyzed. The
photocatalysis theory for TiOy suggests that the two phases form a
heterojunction, thus enhancing the photocatalytic properties of the
material [54]. As indicated by the X-ray diffraction results (Fig. 1 and
Table 1), the TiO, TiO2-Cr, and TiO2-Cu samples contained rutile in the
same proportion (approximately 3 %). However, the photocatalysis

Table 4
Kinetic constants for acetaminophen degradation using LED-UV.
Sample kppo R? Kkppo_tix Rfix
TiO, 0.007 + 0.001 0.998 0.007 + 0.001 0.996
TiO2-Cr 0.018 + 0.001 0.998 0.010 + 0.001 0.999
TiO,-Cu 0.003 + 0.001 0.997 0.007 + 0.001 0.998
TiOy-Fe 0.007 + 0.001 0.998 0.007 + 0.001 0.999
TiO2-Mn 0.001 + 0.001 0.998 0.006 + 0.001 0.999
3.0
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Fig. 7. Pseudo-first-order acetaminophen degradation curves using LED-UV: (a) nonlixiviated samples and (b) lixiviated samples.
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results between them were different, which indicates that the presence
of the rutile phase did not significantly alter the photocatalytic perfor-
mance. In addition, if we look at the TiO,-Fe sample results, which do
not have any rutile, we observe that the photocatalytic performance was
worse than that of the TiO,-Cr sample and better than that of the
TiO2-Cu sample. This analysis reinforces that the main agent of photo-
catalysis is the dopants segregated on the surface of TiOx.

The transition metals used in this study were selected for their ability
to exhibit multiple oxidation states. However, differences in electro-
negativity among these cations influence their respective capacities for
oxidation or reduction.

The photodegradation of acetaminophen is a classical oxidative re-
action. Therefore, cations with a higher propensity for hole transfer are
expected to demonstrate superior efficiency in facilitating this process.
As demonstrated in this study (Section 3.5.5), direct hole transfer occurs
when Cr, segregated on the surface, is used as an additive, highlighting
its strong oxidative capability. In contrast, materials containing Cu or
Mn ions segregated on the surface exhibited lower oxidative perfor-
mance. Previous studies indicate that Cu-doped TiO, and Mn-doped
TiO4 systems are significantly more effective in reduction reactions,
which underscores their limited ability to oxidize acetaminophen
[55-58].

3.5.2. Effect of the dopant on the reaction mechanism

To evaluate the impact of the dopant on the reaction mechanism, a
simplified mathematical model (SM01) was developed to investigate the
average formation of radicals and holes in the system. The mechanism is
based on intermediates commonly found in the photocatalytic oxidation
of acetaminophen [31], as pictured in Fig. 8.

The kinetic model (Table S1) assumes that the redox reactions are
primarily driven by surface-adsorbed ¢OH and 0y, by holes bound to
the surface, and by electron transfer in surface-segregated dopant spe-
cies. It also assumes that the products formed consume eOH radicals
with known kinetics and that they can also deactivate the catalyst ac-
cording to second-order deactivation kinetics. Finally, the quantum
yield of electron-hole pair formation (¢) is estimated from the
incoming photon irradiance (E) as:
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where Np, Ny, and c refer to Planck and Avogadro constants and the
speed of light in vacuum, respectively, all in SI units; I is the irradiance
(mW cm’z); 4 is the wavelength (nm); and rep, is the kinetics of electron-
hole pair generation (mol m~2s™1).

The key results are shown in Fig. 9, and suggest that the catalysts
doped with Cu, Fe and Mn exhibit a more reductive behavior, consid-
ering the higher concentrations of singlet oxygen available in these
systems. Singlet oxygen is formed from the reduction of O, molecules
adsorbed on the surface, promoted by surface-bound electrons [59].
Conversely, these systems also exhibit the highest degradation rates at
the dopant sites but also the highest deactivation kinetics (Fig. 9). This is
likely due to the formation of dopant states that act as recombination
points, such as CuO, rapidly reducing the number of active sites and
hence the degradation kinetics [60], or to the strong adsorption of re-
action intermediates to these sites, rendering them inactive. The per-
formance of Fe-doped TiO, suggests that the Fe species initially present
in the material were converted to less reactive species. This is in
agreement with previous experimental observations, where the effect of
iron is discussed in terms of the ferric-ferrous redox cycle promoted on
the catalyst surface [61]. The quantum yields of all doped catalysts
suggest that their incorporation improved charge-carrier separation.
However, the concentration of oxidative species (eOH and
surface-bound holes) is overall higher in the pure oxide, indicating that
the surface- or GB-segregated dopants might act as charge trapping
states, impairing the photocatalytic efficiency.

3.5.3. Photoactivity — white light

One important effect of the incorporation of metal dopants is the
extension of the light absorption edge. To further explore this effect,
experiments were carried out with white light and with a longer
wavelength source (green light). In the photocatalytic tests using LED-
white light, all samples, lixiviated and nonlixiviated, were analyzed.
Fig. 10 shows the corresponding acetaminophen degradation curves.
The kinetic constants for the nonlixiviated (kppo) and lixiviated (kppo_1ix)
samples correspond to the slope of these curves. The values found are
shown in Table 5.

Analyzing the degradation curves of acetaminophen using LED-
white, it was found that the photocatalytic performance of all doped
samples was superior to that of undoped TiO, for both the nonlixiviated
and lixiviated samples. Furthermore, as in the LED-UV assays, the dif-
ference between the kinetic constants of the doped samples and the
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Fig. 8. Intermediates of the photocatalytic oxidation of acetaminophen, with the main chemical species used in the kinetic model designated in red (R1 — R14).
Adapted from Ref. [31]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 10. Pseudo first-order acetaminophen degradation curves using LED-white: (a) nonlixiviated samples and (b) lixiviated samples.
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Table 5

Kinetic constants for acetaminophen degradation using LED-white.
Sample Kopo R kppo_lix Rix
TiO, 0.0011 + 0.0007 0.991 0.0017 + 0.0007 0.999
TiO,-Cr 0.0075 + 0.0007 0.995 0.0043 + 0.0007 0.999
TiO,-Cu 0.0019 £ 0.0007 0.995 0.0021 + 0.0007 0.998
TiO,-Fe 0.0026 + 0.0007 0.995 0.0021 + 0.0007 0.996
TiO-Mn 0.0019 + 0.0007 0.995 0.0027 + 0.0007 0.997

undoped sample decreased after lixiviation. This result shows that the
dopants segregated on the surface also directly affect photocatalysis
when the material is irradiated with white light. The photoactivity of the
TiO,-Cr sample was the least similar to that of the undoped sample, as
observed in the LED-UV tests. This fact is related to the chromium cat-
ions that remained on the surface even after the lixiviation process.

To better understand the photocatalytic phenomenon, the absorption
spectra of nonlixiviated samples obtained by UV-vis diffuse reflectance
spectroscopy (solid line in Fig. 11) were compared with the LED-white
light spectrum (dashed line in Fig. 11). The comparison shows that all
samples doped with transition metal cations exhibit improved absorp-
tion of the light emitted by the LED, which corresponds to visible light
(~400-750 nm). In particular, the TiO2-Cr sample exhibits a different
behavior compared to the other samples. This results in more efficient
light absorption in the visible range compared to the other samples. In
the other doped samples, this discontinuity is more pronounced at
approximately 400 nm. The TiO5 sample also exhibits a more pro-
nounced absorption for wavelengths near 400 nm. However, it is
noticeable that light absorption starts at wavelengths of approximately
420-430 nm, which corresponds to visible light.

Light absorption in the visible range can occur through mechanisms
that do not involve the excitation of electrons from the valence band
along the entire energy gap to the conduction band. Such a mechanism is
the excitation of electrons from intermediate energy levels to the con-
duction band. Intermediate levels can be introduced into the energy gap
due to the presence of dopants and structural defects. The photo-
luminescence spectra indicated that the dopants did not induce the
formation of new intermediate energy levels in TiO9. Thus, these levels
were attributed to the presence of structural defects (vacancies and in-
terstitials), which may be responsible for the small light absorption
observed for undoped TiO; in the visible range between 420 and 430
nm.

Therefore, light absorption is a more significant factor for inter-
preting photocatalytic results compared to LED-UV tests. Photocatalysis
using white light has a component related to the chemical composition
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Fig. 11. Comparison between the absorbance of the samples obtained by DRS-
UV-white (solid lines) and the spectral output of the LED-white (dashed line).
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of the surface and the ability to absorb light.

3.5.4. Photoactivity — green light

To examine the effect of this extended Cr-induced absorption edge,
we carried out experiments using irradiation of a longer wavelength
(using a green LED). These tests were conducted using only the samples
doped with lixiviated and nonlixiviated Cr cations. The choice of an LED
chip with a wavelength in the electromagnetic spectrum corresponding
to green light was based on the absorbance curve of this sample, shown
again in Fig. 12; the light spectra of LED-green and LED-white are also
shown in this figure. Fig. 13 shows the degradation curves of acet-
aminophen by the nonlixiviated and lixiviated samples (TiO2-Cr-green
and TiO»-Cr-green-lix). The curves obtained for chromium-doped TiO,,
lixiviated (TiO2-Cr-white-lix) and nonlixiviated (TiO,-Cr-white) using
LED-white are also shown in Fig. 13 for easy comparison of the results.

The degradation curves presented in Fig. 13 show that the photo-
catalytic activity of Cr-doped TiO5 using LED-green does not depend on
the cations segregated on the surface since the activity was the same for
both lixiviated and nonlixiviated samples. Furthermore, it can be
observed that the photocatalytic performance of the lixiviated TiO»-Cr
sample under LED-white is similar to that of the lixiviated and non-
lixiviated samples when LED-green was used. It was therefore hypoth-
esized that the dopant segregated on the surface absorbs light at
different wavelengths than those segregated at the grain boundaries or
solubilized in the bulk. This could explain why these three samples have
different photocatalytic performances compared to the nonlixiviated
TiO,-Cr sample in tests using LED-white.

An analysis of Fig. 12 reveals that there are two regions of more
intense irradiance in the LED-white spectra. One of them, at wave-
lengths between approximately 500 and 700 nm, is also present for the
green LED. The other, located between approximately 400 and 480 nm,
only appears for the white LED. Since the photocatalytic performance of
the lixiviated TiO3-Cr-white sample was the same as that of the TiO2-Cr-
green and TiO,-Cr-green-lixiviated samples, it was hypothesized that the
dopant segregated at the grain boundaries and solubilized in the bulk
promotes light absorption in the green region. Therefore, the cations
segregated on the surface probably promote light absorption in the other
main region of the LED-white spectrum (at wavelengths between 400
and 480 nm). This difference in light absorption behavior may be the
cause of the different photocatalytic activities observed.

3.5.5. Influence of oxidizing species
Photocatalytic oxidation reactions occur involving oxidizing species
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Fig. 12. Comparison between the absorbance of the TiO,-Cr sample obtained
by DRS-UV-white (solid line) and the luminous spectra of LED-white and LED-
green (dashed lines). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 13. Comparison of acetaminophen degradation curves for TiO,-Cr samples
with and without luminescence using green and white LEDs. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

formed by the transfer of charge carriers (e~ and h") between the
photocatalyst surface and species adsorbed on it [33,62]. The most
active oxidizing species during these reactions are superoxide radicals
(09), hydroxyl radicals (®OH), singlet oxygen (102) and holes [33,62].
To analyze the effect of these species on acetaminophen degradation,
scavengers were used. To study the action of h*, ®OH and 'O, species,
formic acid (FA), tertiary butyl alcohol (tBu-OH), and sodium azide
(NaN3), respectively, were used [62]. Suppression of superoxide radical
and singlet oxygen formation was achieved by bubbling Nj into the
reactor throughout the reaction at a flow rate of 325 mL min . The tests
were carried out for 60 min under the same conditions as the other
photocatalytic tests, using a monochromatic UV LED chip and adding
scavengers at a concentration of 0.02 mol L™! to the model contaminant
solution (5 mg L~! ACT) [33]. The TiOo-Cr sample was chosen as the
photocatalyst for these tests because it showed the best results for
acetaminophen degradation.

Fig. 14 shows that the degradation of ACT in the assay where no
scavenger was used was 64.3 % after 60 min of reaction. When
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Fig. 14. Effect of scavengers on the photocatalytic UV degradation of acet-
aminophen (C, = 0.56 + 0.01 mg L) by the TiO,-Cr catalyst.
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scavengers of ®0H radicals, 0% radicals, and 0, were used, the
degradation of ACT decreased to approximately 43.3 %-52.9 %. This
indicates that these three species participate in the photocatalytic pro-
cess, but the most active oxidizing species are the holes. When the h*
scavenger was used, only 2.5 % of ACT was removed from the solution.

Since the reaction is governed by the direct oxidation of ACT by
holes, it was hypothesized that segregated Cr®* and Cr®* cations on the
surface could vary their oxidation states during the reaction, facilitating
electron transfer from ACT to holes on the surface. The mechanism by
which the reaction would occur would begin with electron transfer from
Cr®* to photogenerated h* in the VB, with the segregated cations
assuming a Cr%" state. The electrons from the ACT molecules would then
be transferred to Cr®* cations:

Ti0, " 66, + 6hi

2Cr*" + 6hjy— 2Cr®"

2Cr™* 4 6€,.p = 2Cr** + 3ACT o

Furthermore, the light absorption mechanisms in a crystal field also
introduce a new possibility of generating holes in the material through
electronic transitions that do not involve the energy gap of the photo-
catalyst. This ease of generating holes in more than one way may explain
why doping with Cr cations allowed an increase in the photocatalytic
activity of TiO, with respect to ACT degradation.

20 e 1 on*

exc

2€,cp + 2h" = ACToyia

3.6. Efficiency of the photocatalytic process

Finally, a useful parameter for evaluating the efficiency of a photo-
catalytic process is the electrical energy consumption per order (EEp)
[63], defined as the amount of energy required to reduce the contami-
nant load by 90 %. Although our catalysts were not tested under opti-
mized reaction conditions, this figure-of-merit provides a common basis
for comparing the performance of our materials with other modified
TiO, materials. The EEq (kWh L) is calculated as:

Pt
Ho = iog(c./cy
where P is the electrical power consumed by the light source (kW), t is
the batch reaction time (h), V is the reaction volume (L), and C; and C;
are the initial and final (at time t) concentrations of ACT, respectively.
Fig. 15 shows the calculated EEgs for each material (nonlixiviated) using
the different irradiation conditions, along with an average value calcu-
lated from a collection of published data for the photocatalytic degra-
dation of ACT with modified TiO,. Fig. 15b shows the EEq of our
materials in a panorama of other irradiation conditions as a function of
the ACT:TiO; ratio (mg/g). A complete list of the data and the references
are given in the Supplementary Material.

Fig. 15a shows that Cr-doped TiO; has the lowest energy demand,
approximately 124 kWh L™! under UV-A irradiation, a value approxi-
mately 50 % lower than that of undoped TiOs. The Mn- and Cu-doped
catalysts showed worse energetic efficiency (264 % and 93 % increase
in energy demand, respectively), while Fe-doped TiO> did not show any
significant variation in this parameter. Nevertheless, when compared to
the average literature values, all materials show a significant improve-
ment (approximately one order of magnitude), likely as a result of the
homogeneity and high crystallinity of the nanosized materials obtained
by the synthesis and purification procedures. Fig. 15b shows that our
materials are overall in the lower half of the EEq values commonly found
for TiOy-based acetaminophen photodegradation under UV-A irradia-
tion, in particular Cr-doped TiOs. It should be highlighted that although
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Fig. 15. Electrical energy consumption per order (EEo). (a) EEO of our modified catalysts for different irradiation conditions and an average calculated from the
literature data. (b) Materials reported in this work ([] and A) compared to catalysts reported in the literature (detailed data and references available in the SI).

the EEq calculated for white light catalysis was higher than that for UV-
based processes, their potential for combination with sunlight irradia-
tion is clear. Switching from an artificial to a natural light source
significantly reduces the EEp values, as shown by the position of the
sunlight-based processes in Fig. 15b. This indicates that Cr-doped TiOx is
a viable alternative for the development of sustainable and economical
photocatalytic treatments.

4. Conclusion

Titanium dioxide nanoparticles doped with transition metals (Cr, Cu,
Fe, and Mn) were evaluated for their photocatalytic activity and inter-
facial segregation. Transition metals incorporation at approximately 1
mol% was confirmed by chemical analysis. Doping reduced crystallite
sizes and increased specific surface areas compared to undoped samples,
a trend directly linked to interfacial segregation of dopants, as verified
by selective lixiviation. X-ray photoelectron spectroscopy (XPS) analysis
of Cr-doped TiO; revealed that the predominant surface chromium
species was Cr®t. Band gap energy calculations of the doped samples
indicated values close to that of pure TiO,. However, the TiO,-Cr sample
also presented two additional discontinuities in the Tauc curve at (2.1 +
0.1) eVand (1.3 + 0.1) eV, which were attributed to the light absorption
phenomena arising from electronic transitions within incomplete d-shell
orbitals of the Cr cations. The superior photocatalytic performance of Cr-
doped TiO, emphasized the role of holes as the primary oxidizing spe-
cies. Furthermore, the combined utilization of the selective lixiviation
method and photocatalytic activity assessments highlighted the major
role of segregated additives in enhancing photocatalytic efficiency
compared to undoped TiO,. It is expected that this study provides in-
sights into the relationship between dopant segregation and photo-
catalytic activity, offering guidance for designing more efficient
photocatalysts for water treatment and pollutant degradation. Addi-
tionally, the methodology developed here could be applied to investi-
gate dopant effects in other semiconductor systems.
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