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Abstract

Bimetallic mesoporous photocatalysts were synthesized via a wet impregnation method
using SBA-15 as a support, and characterized by UV-visible diffuse reflectance spectroscopy,
low-angle X-ray diffraction and N physisorption. Among the tested materials, the Ti/Mn
combination exhibited the highest photocatalytic activity in azo dye degradation. To
understand this enhanced performance, catalysts with varying Mn loads and calcination
ramps were evaluated. Additionally, experiments with radical scavengers (isopropanol,
chloroform) and under Nj insufflation were conducted to identify the active radical species.
Catalysts prepared with low Mn content and higher calcination ramps showed the greatest
activity, which significantly decreased with isopropanol, indicating hydroxyl radicals as
the main reactive species. In contrast, samples with higher Mn content and quicker heating
displayed reduced activity in the presence of chloroform, suggesting superoxide radical
involvement. Spectroscopic analyses (XPS, UV-Vis DRS) revealed that increasing Mn
load promotes the formation of Mn?* over Mn** species and lowers the band gap energy.
These findings highlight the direct correlation between synthesis parameters, surface
composition and optical properties, providing a strategy for fine-tuning the performance of
a photocatalyst.

Keywords: heterogeneous photocatalysis; mesoporous silica; manganese; radical scavengers;
reactive oxygen species

1. Introduction

Advanced oxidation processes (AOPs) are a group of emerging techniques aimed
at degrading organic pollutants, with the goal of achieving complete mineralization into
water and carbon dioxide. These processes have been extensively investigated and applied
in various fields in recent years [1,2]. Among these techniques, photocatalytic methods
stand out for their high efficiency and ease of implementation in aqueous systems, where
the presence of a photocatalyst and light irradiation are sufficient to generate reactive
oxygen species (ROS) that drive the degradation of organic compounds. Photocatalysis
is promoted by the generation of photoinduced electrons (e~) and holes (h*) on the solid
surface of a semiconductor upon irradiation [3]. These e~ and h* are key in a series of
chain redox reactions that yield a number of ROS, mostly hydroxyl (HO®) radicals [4].
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Nevertheless, other species, such as singlet oxygen (O,!), hydrogen peroxide (H,O,) or
superoxide anion radical (O,°7) are also in this group [3].

The superoxide radical has been largely studied in biological pathways due to its
involvement in respiration and immune system processes [5-7], but its role in the degra-
dation of organic substances has been relegated in favor of the study of hydroxyl radical
chemistry [8]. Thus, understanding the reactivity of superoxide remains crucial, as its
unique chemical properties distinguish it from hydroxyl radicals. Superoxides are unstable
species due to their radical nature, but they are less reactive than hydroxyl ones [9,10]. Its
chemistry is strongly related to its solvation ability in different media due to its dual state
as a radical and as an anion [10]. It is not easy to generate and isolate a radical species, so
its chemistry is yet to be fully understood [11]. In addition, due to the short half-life of
superoxide anion radicals, their investigation and detection is a critical step in the study of
photocatalytic processes. Therefore, it would be highly desirable to apply simple, repro-
ducible, and quick spectrometric methods for its detection [12-14]. Furthermore, TiO; has
been the most popular semiconductor in photocatalysis to produce ROS due to its favorable
physicochemical properties and availability [15]. However, the practical application of
TiO; in liquid-based media remains difficult. TiO, particles are very small and thus hard
to recover from a liquid effluent [16,17]. Another issue related to TiO; is its band gap
energy (3.2 eV), limiting its use under UV 5-based applications. In order to overcome these
challenges, impregnation of TiO, [17] and other photocatalytic species [18,19] over different
supports, as well as development of bimetallic catalysts [20,21] have been applied in previ-
ous studies. Moreover, the synergic effect of bi- [22] and polymetallic photocatalysts [23]
has been reported. The different TiO, species formed as a consequence of variable metal
loading on Ti-based mesoporous photocatalysts have been studied [22].

Impregnation of TiO, particles over mesoporous supports such as SBA-15 silica leads
to materials with a higher thermal and hydrothermal stability, yielding large surface areas.
In addition, modifying synthesis conditions and varying metal loading can be of great
significance due to the many different structures that may be developed on the surface.
In this regard, the synthesis of solids by means of co-modification of SBA-15 with TiO,
and other metallic species can be crucial to modify their properties as photocatalysts and,
therefore, the selectivity toward the different generated ROS.

Several authors have shown that different proportions of metal provide different struc-
tures [24,25], while varying calcination rates generate different silica—metal interfaces [26]
that modify the catalyst photoactivity. Considering possible metal species to be used,
manganese oxides (MnOx) stand out due to their wide availability and multiple possible
configurations [27]. Copper oxides (CuOx) are another very versatile group of metallic
oxides with large availability that is increasingly studied in association with TiO, [28-30].
Moreover, cobalt oxides (CoOx) can also strongly enhance the photoactivity of TiO, in the
visible region, and interesting results have been observed for wastewater treatment [31,32].

Based on previously characterized mesoporous materials which showed ability to
photogenerate different radical species [33], this research focuses on the development
and optimization of mesoporous photocatalysts derived from SBA-15 silicates, modified
with titanium and an additional transition metal (Co, Cu, or Mn), individually introduced
to produce a series of bimetallic Ti/M catalysts. These materials were synthesized with
varying nominal metal loadings and calcination heating rates in order to explore the
effect of these parameters on the resulting physicochemical properties, metal-support
interactions, and photocatalytic activity. The catalysts were evaluated for their ability to
generate reactive oxygen species (ROS) under UV-Vis light and to degrade Acid Orange
7 (AO7), a commonly used azo dye model pollutant. Finally, to make a more exhaustive
study of the photocatalytic process and analyze the selectivity towards the formation of
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two of the main ROS, *OH and O,°~, reactions were carried out in the presence of specific
radical quenchers: isopropanol for *OH [34] and chloroform for O,*~ [35].

2. Materials and Methods
2.1. Synthesis

The synthesis followed the same steps as in a previous report [33], with the mesoporous
silica support synthesized following the method for SBA-15-type materials [36]. For this
synthesis process, Pluronic P123 (Sigma-Aldrich, St. Louis, MO, USA; 100%) was dissolved
overnight in aqueous 2M solution HCl (Cicarelli, San Lorenzo, Argentina; 36.5-38%) under
stirring at 40 °C. Afterwards, tetraethoxysilane (TEOS) (Sigma-Aldrich, 98%) was added
dropwise to the solution and further stirred at the same temperature for 20 h. The as-
obtained sol-gel underwent hydrothermal aging at 80 °C for 24 h. The material was then
filtered, washed, and dried for 24 h at 60 °C. Finally, the Pluronic P123 surfactant was
removed by calcining in a mulffle furnace at 500 °C for 8 h, heating at a rate of 1 °C/min.

A portion of the as-obtained mesoporous support was used for characterization tech-
niques. Another three batches of this same material were modified via the wet impregnation
method with transition metals Co, Cu, and Mn, using CuSOy4-5H,0O (Mallinckrodt, St. Louis,
MO, USA; 99%), CoSO4-7H, 0O (Sigma-Aldrich, 98%), or MnSO4-H,O (Merck, Darmstadt,
Germany; 99%) as precursors, respectively. A nominal load of 10 wt.% of each metal was
expected to be achieved by employing properly concentrated aqueous solutions of the
aforementioned salts. The three batches were suspended in the respective solutions, and
the solvent was removed with a rotovap at 70 °C. After this step, the supports were dried
at 90 °C and calcined, heating at a rate of 4 °C/min to a temperature of 500 °C for 5 h.

Afterwards, four different supports (the previously obtained materials and an un-
modified silica batch) were impregnated with Ti, with titanium n-butoxide, Ti(OBu)y
(Sigma-Aldrich, 97%) as a metal source in a concentration adequate to reach a fixed nom-
inal load of 20 wt.%. The procedure was the same as in the previous impregnation, but
using isopropanol (Sintorgan, Buenos Aires, Argentina; 99.5%) instead of water, removing
the solvent with a rotovap at 55 °C. The obtained materials were identified as Ti/Co/M,
Ti/Cu/M, Ti/Mn/M, and Ti/M, where “M” represents the mesoporous support.

Once the more photoactive bimetallic catalyst was determined, new batches were
prepared by varying the synthesis conditions to tune the reaction selectivity for the pro-
duction of different possible ROS. Therefore, the same impregnation method previously
described was applied to load different nominal metal weights of 2.5, 5, and 10 wt.%, along
with a fixed nominal load of 20 wt.% Ti. Moreover, calcination processes with different
heating rates (4 and 8 °C/min) were tested because of their influence on the development
of different metallic species. The obtained materials were labeled as Ti/[Metal](x)/M R(y),
where (x) represents the nominal wt.% of loaded metal and (y) the applied heating rate.

2.2. Characterization

Unmodified and modified mesoporous silicas were characterized via low-angle X-ray
diffraction (XRD) through a PANalytical X-Pert Pro instrument with CuK« radiation
(A =1.5418 A) between 1.2 and 3° 2@ angles. Textural properties were characterized
through a Micromeritics ASAP 2020 Plus sorption analyzer, using N as the sorption gas
and with the solid materials degassed at 350 °C. The optical properties of the materials
were established via UV-visible diffuse reflectance spectroscopy (UV-Vis DRS), obtained
through a Jasco V650 spectrophotometer equipped with an integrating sphere. Metallic
species were determined by X-ray photoelectronic spectroscopy (XPS) using a XPS K-
Alpha Thermo Scientific instrument equipped with a low-power AlKx X-ray source and
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a double-focusing hemispheric analyzer. CasaXPS (Version 2.3.26) software was used for
spectra analysis.

2.3. Catalytic Experiments

The photocatalytic experiments were carried out with a stirred batch photoreactor,
irradiated over its top. The photoreactor consists of a 25 mL Teflon beaker which is posi-
tioned over a magnetic stirrer. The suspension is directly irradiated with a 390 nm UV /Vis
LED 30 W lamp installed over a window in a fireproof coating-covered wood platform.
The light is distributed between 360 and 420 nm, with a peak at 390 nm. Additionally, the
relative radiometric optical power distribution is highly concentrated in this type of design,
with at least 90% of the total light output confined within a 55° angle [37,38]. The LED is
equipped with a large heat sink in order to avoid temperature increases, as seen in Figure 1.
For each of the experiments, 20 mg of modified mesoporous material were suspended
in 20 mL (for a catalyst concentration of 1 g/L) of AO7 (Sigma Aldrich, 99.5%) solution
(20 ppm). Following a 45 min incubation period in the dark, during which the change in
AQ7 concentration was negligible—indicating that adsorption/desorption equilibrium
had been reached—a sample was collected to determine the initial concentration (Cy).
The experiment was then initiated by exposing the system to light for 3 h, and the AO7
concentration (C) was monitored by measuring the absorbance at 485 nm using a Persee
T7DS UV /Vis spectrophotometer. The percentage degradation (X) was calculated using
the following equation:

X = (Cp — C) x 100/ Co

where X is the degradation percentage, and C is the AO7 concentration at a given

Heat sink ——» w

I

Reaction mixture
(AOT solution + catalyst) el BLED! lamp

reaction time.

0 O «+———Magnetic stirrer

Figure 1. Components and disposition of the photoreactor.

A control experiment is presented in Figure S1 (Supplementary Material), in which
the concentration of AO7 was monitored under LED lamp irradiation for 3 h. The results
show that the concentration remains constant, indicating that photolysis does not occur
under these conditions. Finally, reactions in the presence of 8% vol. isopropanol (Sintorgan,
99.5%) or 4% vol. chloroform (Cicarelli, 99%)—used as specific scavengers of hydroxyl
or superoxide radicals, respectively—were carried out in order to infer about selectivity
towards the possibly involved ROS.

Some ROS were also detected with an Attenuated Total Reflectance-Fourier-Transform
Infrared (ATR-FTIR) spectrometer using a Thermo Scientific Nicolet i510 equipped with
a Smart ARK module. This was achieved by placing 3 mL of 1 g/L suspension of photo-
catalyst in water over the ATR mode ZnSe window. The LED lamp was placed on top of
the module, irradiating the suspension. Under these conditions, spectra were recorded at
10 and 30 min.
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3. Results and Discussion
3.1. Characterization of Synthesized Materials

The low-angle X-ray diffraction (XRD) technique was used to determine whether the
synthesized support shows peaks consistent with planes present in SBA-15 mesoporous
silicas. Thus, the pattern shown in Figure 2 presents peaks at 1.60 and 1.84°, which can be
assigned to the planes (110) and (200), respectively, typical of highly-ordered SBA-15 type
materials [36]. The diffractograms of the post-synthesis catalysts (presented in Figure S2,
Supplementary Material) show that these peaks remain after metal impregnation, thus the
modified silicas retain the mesoporous structure.

Intensity (arb.units)

— T T T T

i T T T T T
12 14 16 18 20 22 24 26 28 30
2 Theta (°)

Figure 2. Low-angle X-ray diffraction (XRD) pattern of unmodified silica framework.

Figure 3 shows the N, adsorption—desorption isotherms of bare SBA-15, Ti/M,
Ti/Cu/M, Ti/Co/M, and Ti/Mn/M. All of the studied materials exhibit a type IV isotherm,
which is typical for mesoporous structures [39]. Unmodified mesoporous support presents
a H1 hysteresis loop, which is consistent with that of silicas exhibiting highly-arranged uni-
form mesopores [39-41]. When the support is modified only with Ti, the material presents
a H5 hysteresis loop, a type of loop associated with partially blocked mesopores [39], which
has been found in post-synthesis modified SBA-15 materials [42,43]. The bimetallic meso-
porous supports exhibit different types of hysteresis loops. Ti/Cu/M presents a H2b type
of loop that is associated with pore-blocking phenomena due to a broad size distribution of
pore neck widths and a narrow distribution of pore cavity sizes [39,44], which means Cu
and Ti species are mainly deposited in the pore end points. This type of distribution has
been found in other modified mesoporous supports [45], modified with Ti [46]. Ti/Co/M
presents a H2b and H1 hybrid type of hysteresis loop, which is narrower and indicates a
smaller distribution of neck widths [39,44]. Meanwhile, Ti/Mn/M presents a H2a type
of loop, associated with materials that exhibit a wide distribution of pore body sizes but
a narrower distribution of pore neck widths [44], which has been already reported in
Zr [47] and polymer-modified [45] mesoporous materials. This distribution signals higher
deposition of Mn and Ti species along the mesoporous channels.
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Figure 3. N, adsorption-desorption isotherms for all the mesoporous materials.

Table 1 summarizes the textural properties of the materials, with the Brunauer—
Emmett-Teller (BET) specific area, pore volume (PV), and pore diameter (PD) singled
out. As it can be seen, bimetallic modification leads to larger presence of Ti along the
channels, as Ti/M presents the lowest pore diameter with largely blocked pores, which is
consistent with its H5 hysteresis loop. It should also be noted that Ti/Mn/M exhibits a
remarkably smaller pore volume and pore diameter than the other bimetallic catalysts did,
consistent with a high presence of both metals along the pores, according to its isotherm.
Nevertheless, after metallic impregnation, a substantial decrease in pore diameter was
observed in all synthetized materials.

Table 1. Textural and optical properties of the mesoporous materials.

Material Sger m?g=1)2  PD (nm)? PV (cm3g-1) P Eg (eV) €
M 816 5.8 1.03
Ti/M 485 4.6 0.52 3.51
Ti/Cu/M 399 5.5 0.55 3.44
Ti/Co/M 403 5.5 0.56 1.49
Ti/Mn/M 289 4.9 0.35 3.27

 Calculated from the linear part of the Brunauer-Emmett-Teller (BET) plot, P Estimated by the
Barrett-Joyner-Halenda (BJH) formula using the desorption branch from the isotherm, ¢ Estimated with the
Kubelka-Munk equation as a function of the energy.

The band gap energy (Eg) of the metal-modified photocatalysts was calculated from
the UV-Vis DR spectra (Figure S3A, Supplementary Material) using the graphic method
based on fitting the Kubelka—Munk (KM) equation as a function of the energy in eV
(Figure S3B, Supplementary Material). As can be observed in Table 1, a band gap reduction
from 3.51 eV for Ti/M to 3.44 and 3.27 eV for Ti/Cu/M and Ti/Mn/M, respectively, is
observed. Meanwhile, for Ti/Co/M, the band gap decreases to 1.49 eV.
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3.2. Photocatalytic Evaluation of Materials

Figure 4 shows the photocatalytic evaluation of the materials in AO7 removal. As
seen in the figure, Ti/Mn/M shows the highest photocatalytic activity, while Ti/Co/M
presents the lowest—even lower than that of Ti/M—despite its low band gap energy.
There have been multiple studies focusing on the complex mechanisms involving cobalt,
which can either enhance photoactivity or suppress it. According to Gongalves et al. [48],
photoactivity is favored when cobalt is present at proportions below 0.5% as a dopant in the
catalyst. However, when cobalt content exceeds this threshold, it acts as a recombination
center due to the low stability of the Co®* species formed, which markedly decreases
photoactivity. This point is in agreement with Pradhan et al. [49], who via PL studies on
pure Co304 discovered high signal intensity related to high electron-hole recombination.
Meanwhile, Dong et al. [50] evaluated the CozO4/TiO, bimetallic support and concluded
that CozOy4 exhibits high hole-trapping capability, with electrons falling back to the valence
band, transferring photogenerated holes from TiO, to Co304. Collectively, these findings
support the view that cobalt acts as an electron-hole recombination center, thereby reducing
photocatalytic efficiency. In the present study, the DRS spectrum of Ti/Co/M (Figure S3A)
shows absorption peaks at 484.5 nm and 733 nm, which can be attributed to charge-transfer
transitions in Co3Oy4. This behavior closely resembles that described in [50], indicating an
accelerated recombination of photoexcited electrons and holes [51], along with a low redox
potential that limits photocatalytic performance [33,52].

Metal couples

[ ]TiMn/M
B Ti/Co/M

Ti/Cu/M
TilM

0O 10 20 30 40 50 60 70 80 90 100
AQ7 removal (%)

Figure 4. AO7 removal via photocatalytic activity of the tested mesoporous materials. Reaction
conditions: pH =5, T = 25 °C, catalyst concentration = 1 g/L, rotational speed = 600 rpm.

These results, compared with previous studies involving mesoporous silica-based
materials modified with transition metals such as Ti, Cr, Co, Fe, and Ni to induce AO7
degradation through photocatalysis, show that bimetallic photocatalysts based on Mn and
Ti exhibit large activity in azo dye remotion. Out of the previously studied materials, only
bimetallic Cr and Ti-modified MCM-41 and SBA-15 materials exhibited a better response as
a photocatalyst, although the presence of hexavalent Cr poses a significant drawback due
to its high toxicity and potential leaching into the liquid phase [16,51]. Another silica-based
material prepared as a mixed Si-Nb oxide achieved similar removal amounts to those
of this study in 180 min of light exposure, but employing a lamp with an emission light



Sustain. Chem. 2025, 6, 31

8 of 18

peaking in the UVB range, in addition to relying on niobium, a much rarer and more
expensive metal than manganese and titanium [53]. Among non-silica-based materials,
mesoporous anatase modified with Mo exhibits much reduced AO7 removal numbers
when exposed to a 400 nm light source compared to activity at 365 nm in the same time
lapse [54]. Even more diminished numbers are reported for photocatalysts based on Ag-
modified ZnO [55], with around 40% of AO7 removal under exposure to 400 nm light for
180 min. Therefore, Mo and particularly Ag do not demonstrate being very effective at
shifting the absorbance peak from the semiconductors to wavelengths in the UV-visible
border. Low AO7 removal numbers (approximately 40%) are observed for Ni-modified
TiO, bilayer films intermittently exposed to 365 nm light for four hours in an eight-hour
process [56]. It must also be added that one of the main benefits from these Mn and
Ti-based materials is the easy synthesis and modification process. Other photocatalysts
with promising performance in AO7 removal, such as Bi-doped SrTiO3 perovskites [57] and
Co7sSigB14/g-C3Ny nanocomposites [58], require highly-controlled synthesis processes at
temperatures above 1000 °C, making them very energetically demanding and less practical.

As Ti/Mn/M proved to be the material with the highest photoactivity for AO7 re-
moval, it was further studied. Materials synthesized with different Mn loads and calcined
using two different heating rates were systematically evaluated to elucidate the selectivity
towards ROS generation and correlate it with the synthesis conditions.

Figure 5 shows the results of the photocatalytic evaluation of the Ti/Mn(x)/M R(y)
materials. The Ti/Mn(x)/M R4 materials show an AO7 removal activity that remains
essentially independent of the Mn load on the material. On the other hand, Ti/Mn(2.5%)/M
R8 is the material that shows the highest photoactivity, achieving AO7 removal close to 90%.
However, as Mn load increases for Ti/Mn(x) /M R8 materials, AO7 degradation capacity
becomes lower, remaining constant for 5 and 10 wt.% loads. Thus, a higher dispersion of
more isolated Mn species would seem to favor the catalytic activity.

Mn(10%) 8:|°Cfmin
4 °C/min
wn
©
S
g Mn(5%)
=
c
=
[
Mn(2.5%)
LI LA BN | LELEN BLELELBLEN BLELELELE BUELELELE B AL BLAL L

0 10 20 30 40 50 60 70 80 90 100
AQ7 removal (%)

Figure 5. Comparison of AO7 degradation (%) after 180 min of photocatalytic activity for Ti/Mn(x)/M
R(y) materials. Reaction conditions: pH =5, T = 25 °C, catalyst concentration = 1 g/L, rotational
speed = 600 rpm.

It is well established that the degradation of AO7 dye is primarily driven by reac-
tive oxygen species (ROS) generated by photocatalytic materials [59-62]. To elucidate the
predominant ROS involved in the degradation process, Ti/Mn(x)/M R(y) materials were
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retested under the presence of different radical scavengers. Isopropanol was used as a
hydroxyl radical scavenger, while chloroform acted as a superoxide radical scavenger,
allowing for the selective inhibition of these radicals and enabling the assessment of their
contributions to the AO7 degradation process. The results from these experiments are
shown in Figure 6. The Ti/Mn(x)/M R4 materials (Figure 6A) exhibit a significant reduction
in their AO7 degradation capacity in the presence of organic solvents. Notably, this decrease
in photoactivity is particularly pronounced for the Ti/Mn(10%)/M R4 sample, where the
degradation performance is similarly reduced in the presence of both isopropanol and
chloroform. Thus, it can be inferred that Ti/Mn(x)/M R4 materials produce both hydroxyl
and superoxide radicals, though it is only in the Ti/Mn(10%)/M R4 case that superox-
ide radicals are as active in AO7 degradation as hydroxyl radicals. On the other hand,
Ti/Mn(x)/M R8 materials (Figure 6B) show a remarkable reduction of their AO7 removal
capacity under aqueous isopropanol solution when their Mn load is relatively low, whereas
for Ti/Mn(10%)/M R8 the photoactivity is largely reduced with both isopropanol and
chloroform aqueous solutions. From these results, it can be inferred that Ti/Mn(x)/M
R8 materials show largely hydroxyl radical activity when Mn load is relatively low (2.5
and 5 wt.%). However, when the Mn load is increased to 10 wt.%, the contribution of the
superoxide radical pathway in the degradation of AO7 significantly increases, becoming
comparable to that of the hydroxyl radical pathway. These results confirm Mn as a success-
ful dopant for ROS production, which is influenced by the metal content in the material
and the calcination rate [63].

[ Chloroform (4%) [ Chloroform (4%)
Mn(10%) [ Isopropanol (8%) Mn(10%) Il | sopropanol (8%)
c [
E £
o o
¥ MnG%) o Mn(5%)
B Jd
(=] ()]
£ =
® ®
(] ]
T I
Mn(2.5%) Mn(2.5%)
A B
O 10 20 30 40 S0 60 70 80 90 100 0 10 20 30 40 S0 60 70 8 90 100
AO7 removal (%) AO7 removal (%)

Figure 6. Comparison of AO7 degradation (%) after 180 min of photocatalytic activity for
(A) Ti/Mn(x)/M R4 and (B) Ti/Mn(x)/M R8 materials. Reaction conditions: pH =5, T = 25 °C,
catalyst concentration = 1 g/L, rotational speed = 600 rpm.

Based on this, Ti/Mn(2.5%)/M R8 and Ti/Mn(10%)/M R8 were defined as the most
and least photoactive materials, respectively. In order to study the superoxide radical
generation and confirm that, according to the literature, they are generated through surface
reduction of molecular oxygen with photoinduced electrons from the catalyst [3], a test
insufflating Ny to induce O, displacement was performed. As can be seen in Figure 7,
Ti/Mn(10%)/M R8 shows a larger reduction of its AO7 degradation capacity when Nj
displaces O,, which confirms the contribution of the superoxide radical pathway in this
material, as seen in Figure 6.

In order to detect the generation of superoxide species on the materials’ surface,
aqueous suspensions of Ti/Mn(2.5%)/M R8 and Ti/Mn(10%)/M R8 were irradiated and
analyzed by in situ testing with ATR-FTIR spectroscopy. As indicated in previous stud-
ies [64], a broad peak appears in the region between 900 and 1200 cm ™!, corresponding to
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surface Ti-OO-stretching, thus the considered superoxide adsorbed on the catalyst surface.
As seen in Figure 8, the signal for Ti/Mn(2.5%)/M R8 is stronger than for Ti/Mn(10%)/M
R8, indicating a greater amount of superoxide adsorbed on the Ti/Mn(2.5%)/M R8 surface.

I Nitrogen
| Air

Mn(10%)
£
£
o
-]
a0
)
i
[=)]
£
©
£ Mn25%)

T | LI B o | T T TTT | LI S e |

4 5 60 70 80 90 100
AQO7 removal (%)

o
'y
o
]
o
W
o

Figure 7. Comparison of AO7 degradation (%) after 180 min of photocatalytic activity for
Ti/Mn(2.5%)/M R8 and Ti/Mn(10%)/M R8 materials under N insufflation. Reaction conditions:
pH =5, T =25 °C, catalyst concentration = 1 g/L, rotational speed = 600 rpm.

Ti/Mn(10)/M R8

Ti/Mn(2.5)/M R8

m

Absorbance (arb.units)

T T T
1400 1200 1000

Wavenumber (cm™)

Figure 8. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectra (900-1500 cm 1)
for aqueous suspensions of Ti/Mn(2.5%)/M R8 and Ti/Mn(10%)/M R8 materials. Reaction condi-
tions: pH =5, T = 25 °C, catalyst concentration =1 g/L.

In experiments using chloroform as a superoxide radical scavenger or with N for
oxygen displacement, Ti/Mn(10%)/M R8 exhibits higher superoxide radical activity in
the degradation of AO7. This suggests that superoxide radicals are more readily released
from the catalyst surface, resulting in a decrease in the peak corresponding to adsorbed
superoxide on Ti/Mn(10%)/M R8 (Figure 8). Conversely, for Ti/Mn(2.5%)/M R8, the
superoxide radicals remain attached to the catalyst surface for a longer period, which
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would give them time to transform into hydrogen peroxide (H,O;) and subsequently into
hydroxyl radicals (*OH), favoring AO7 degradation by this pathway [64].

3.3. Characterization of Mn Species in the Materials

Considering the catalytic results, the solids were further characterized with the aim of
deepening the analysis of the developed metallic species that produce the different catalytic
activities and pathways observed for the Ti/Mn(x) /M R8 materials.

The XPS spectra in the O1ls, Ti2p, and Mn2p regions for all Ti/Mn(x)/M R8 materials
are presented in Figure 9.

A
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Figure 9. XPS spectra in the regions of (A) Ols, (B) Ti2p, and (C) Mn2p for Ti/Mn(x)/M R8 materials.
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The O1s XPS spectra for all Ti/Mn(x)/M R8 materials (Figure 9A) show a peak at
533.58-534.31 eV, corresponding to SiO, species belonging to the mesoporous support [65],
and one at 531.48-531.88 eV, corresponding to either Ti or Mn oxide species. These last
species could not be distinguished from one another due to, according to the literature,
their corresponding B.E. having very similar values [66,67]. Nonetheless, this peak in-
creases along with Mn load, indicating the growing development of MnOy species on
the solid surface. A small extra peak can be found in the case of Ti/Mn(10%)/M, which
cannot be ascribed to metal oxides, but to a double charge effect due to its low binding
energy [68,69]. Meanwhile, the Si 2p XPS spectra for all Ti/Mn(x)/M R8 materials are
presented in Figure 54 (Supplementary Material). As it is shown, there is a series of intense
signals at 103.73-104.43 eV, corresponding to Si-O-Si (siloxane) bonding, while another
series of signals is shown between 100.7 and 102.8 eV, which is ascribed to Si-O-H (silanol)
groups, confirming the presence of a silica framework [70].

As seen in the XPS spectra in the Ti2p region (Figure 9B), all Ti/Mn(x)/M R8 materials
show peaks at 459.68-460.38 and 465.22-466.08 eV, corresponding to Ti2p3,, and Ti2pq /»
in Ti** species (despite peaks moving to higher B.E. values than those of pure oxides). At
the same time, Ti/Mn(10%)/M R8 shows a peak at 454.93 eV, which corresponds to Ti+,
as indicated by the literature [66]. It is evident that increased loadings of Mn modify the
chemical environment of Ti.

In the Mn region (Figure 9C), an increase in signal intensity is observed with increasing
Mn loading, which is consistent with the atomic percentage (At%) values obtained from XPS
analysis. The Mn At% increases from 1.41% in Ti/Mn(2.5%)/M to 2.14% in Ti/Mn(5%)/M
and reaches 4.17% in Ti/Mn(10%)/M. It should be noted that the “X” in Ti/Mn(X)/M
refers to the nominal weight percentage, not the atomic percentage. As it can be seen in
the spectra for three solids, a Mn2p3,, region can be identified at binding energy (B.E.)
levels between 640 and 650 eV, approximately, along with a Mn2p; /, region between 650
and 660 eV. This delimitation is due to spin-orbit splitting and, as seen in the spectra,
the Mn2p; /, region moves to higher B.E. values with higher Mn loadings. As expected
from previous studies, a multiplet splitting is shown in the Mn2p3 /, region [71-74]. These
multiplet bands show different types of asymmetries as Mn load increases, indicating
varying states of Mn species in the materials, with B.E. values similar to those of pure oxide
species [67,72,73]. All Ti/Mn(x)/M R8 materials show low B.E. signals at 639.72-640.59
and 640.91-641.51 eV, corresponding to Mn2* species. The materials show also signals at
641.84-642.16, 643.18-643.74, and 644.38-644.73 eV, with an additional 642.70 eV peak in
the case of Ti/Mn(10%)/M RS, all attributed to Mn3* species [67]. Ti/Mn(2.5%)/M R8
also shows signals at 645.52 and 647.04 eV, which can be attributed to Mn** [67]. As Mn
loading increases, these signals cannot be found anymore (only a peak at 646.62 eV appears
in the case of Ti/Mn(5%)/M R8), while a Mn?* satellite peak formed due to a shake-up
effect [71,74,75] can be traced at 648.63-648.78 eV. The high proportion of Mn®* species in
Ti/Mn(x)/M R8 materials could give account for their considerable photocatalytic activity
as indicated in previous studies [76].

The percentage area under the band for each Mn species identified in the XPS spectra
is presented in Table 2. The results show that as the nominal Mn load increases, Mn?* and
Mn3* species become predominant at the expense of Mn**. The higher presence of Mn?*
species on the Ti-rich surface of Ti/Mn(10%)/M R8 can be linked to the enhanced superox-
ide radical activity, as Mn?* has been signaled as the electron donor for photogenerated
holes in oxides of other transition metals [77].
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Table 2. Percentage of area under the curve corresponding to each of the XPS-detected Mn species in
the materials.

Material Mn2* (%) Mn3* (%) Mn*t (%) Total (%)
Ti/Mn(2.5%)/M R8 10.67 53.72 35.61 100.00
Ti/Mn(5%)/M R8 26.58 64.50 8.92 100.00
Ti/Mn(10%)/M R8 29.02 70.98 0.00 100.00

On the other hand, Mn®* and Mn** species can act effectively as hole traps by cap-
turing electrons from water, thereby promoting *OH generation through H,O oxidation;
however, they are not efficient in promoting O,°~ production [78,79]. In systems with low
Mn content (Ti/Mn(2.5%) /M R8), the percentage of Mn3* and Mn** significantly exceeds
that of Mn?* (90%), favoring *OH production. However, as the total theoretical Mn loading
increases, the Mn** species disappears, shifting the Mn?* ratio to approximately 30%,
promoting O,°*~ generation.

The UV-Vis DRS spectra of the Ti/Mn(x)/M R8 materials are shown in Figure 10A.
Focusing on the spectra obtained between 200 and 500 nm, a remarkably lower photosensi-
tivity of the solid is observed as Mn load decreases. The Eg for these materials are shown in
Figure 10B, as calculated from the UV-Vis DR spectra. A band gap reduction from 3.42 eV
for Ti/Mn(2.5%)/M R8 to 3.26 eV for Ti/Mn(10%)/M R8 is observed. These results are
consistent with the types of ROS generated. Thus, as hydroxyl requires more energy to
be generated [3,33,52,80], Ti/Mn(2.5%)/M R8, which presents the highest Eg, promotes
its production.

_ B
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— TiMn(2.5%)M R8
— 2
= c
X 3
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Figure 10. UV-Vis diffuse reflectance (DR) spectra of the synthesized Ti/Mn(X)/M R8 materials
(A) and band gap estimation based on fitting Kubelka-Munk equation values as a function of the
energy (B).

The Ti/Mn(10%)/M R8 material, by presenting a lower Eg, would not able to provide
enough energy to generate *OH, but it could produce O,°~, since these require less energy
for their formation. This energy difference favors the selective formation of one type of
radical over the other [33,52].

4. Conclusions

Bimetallic photocatalysts based on the dispersion of Ti/Cu, Ti/Co, and Ti/Mn metal
couples onto a mesoporous silica with an SBA-15-like structure were successfully synthe-
sized. The Ti/Mn couple was the most effective in photocatalytically degrading the model
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dye AO?7. For this reason, Mn was selected to vary and optimize the synthesis conditions
(metal loading and heating rate during the calcination process) of the photocatalyst. Spec-
troscopic analysis revealed the presence of Mn?*, Mn®*, and Mn** species in the different
Ti/Mn materials, which could be associated with the generation of different reactive oxygen
species (ROS) responsible for dye degradation. It was determined that lower Mn content
(Ti/Mn(2.5%)/M R8) leads to materials with higher proportion of Mn3* and Mn** species,
which highly favor the generation of hydroxyl radicals (*OH). Conversely, at higher Mn
loadings (Ti/Mn(10%) /M), the Mn?* species becomes more prevalent, reducing the band
gap energy and making superoxide radical production by electron transfer feasible. More-
over, since the energy required for superoxide radical formation is lower, this pathway is
favored, increasing the generation of these radicals.

These results demonstrate how fine-tuning the synthesis parameters enables the
development of optimized photocatalysts tailored for the selective production of specific
radical species.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/suschem6040031/s1, Figure S1. AO7 amount within 180 min of
light exposure in the absence of a photocatalyst. Reaction conditions: pH =5, T = 25 °C, rotational
speed = 600 rpm; Figure S2. Low-angle X-ray diffraction (XRD) pattern of different modified and
unmodified silica frameworks. The diffractograms were smoothed to reduce baseline noise and
distinguish the peaks assigned to planes (110) and (200); Figure S3. UV-Vis diffuse reflectance
(DR) spectra of the synthesized Ti/M, Ti/Co/M, Ti/Cu/M, and Ti/Mn/M materials (A) and band
gap estimation based on fitting Kubelka-Munk equation values as a function of the energy (B);
Figure S4. XPS spectra in the regions of Si2p for Ti/Mn(x)/M R8 materials.
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AOP Advanced oxidation processes
ROS Reactive oxygen species

AO7 Acid Orange 7

TEOS Tetraethoxysilane

XRD X-ray diffraction

LED Light-emitting diode
ATR-FTIR Attenuated Total Reflectance-Fourier-Transform Infrared
BET Brunauer-Emmett-Teller

PV Pore volume

PD Pore diameter

DR Diffuse reflectance

KM Kubelka—Munk

Eg Band gap energy
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