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Abstract

Photo-Fenton advanced oxidation processes are promising and sustainable approaches for
water treatment, particularly under visible-light irradiation. In this study, Cu-Fe bimetal-
lic catalysts supported on silica and y-alumina were developed for visible-light-driven
photo-Fenton reactions, with emphasis on the influence of metal ratios and support-metal
interactions on charge—carrier dynamics and hydroxyl radical formation. Comprehensive
characterization (XRD, TEM, UV-Vis DRS, PL, TCSPC, and EPR) revealed stronger metal—-
support interactions and higher metal dispersion on y-alumina, while silica-supported
catalysts showed CuO aggregation at higher Cu loadings. Catalytic performance was
evaluated using coumarin oxidation as both a model reaction and a quantitative probe
for *OH radical generation. Alumina-supported catalysts exhibited superior activity, and
*OH production increased with increasing Cu content on both supports. Importantly, iron
was found to play a dual role: low Fe loading enhances photo-Fenton activity, whereas
higher Fe content promotes charge—carrier recombination, leading to reduced activity under
visible-light irradiation. These results highlight how the interplay between Fe/Cu ratio and
support material governs charge dynamics and provides clear guidelines for the rational
design of efficient heterogeneous photo-Fenton catalysts.

Keywords: photo-Fenton reaction; Cu-Fe bimetallic catalysts; silica (SiO;) and alumina
(Al,O3) supports; heterogeneous photocatalysis; visible-light activation; water treatment

1. Introduction

The influx of contaminants of emerging concern (CECs), such as pharmaceuticals and
personal care products (PPCPs), into water bodies is one of the main causes of aquatic
system degradation [1,2]. Advanced oxidation processes (AOPs) include various innovative
and sustainable treatment technologies that utilize highly reactive oxygen species, especially
hydroxyl radicals (*OH), which are widely used to degrade organic contaminants in water
and provide an environmentally friendly solution to environmental problems [3-5]. The
Fenton process, which belongs to the AOP and is based on the Fe-assisted decomposition of
hydrogen peroxide (H,0,) into *OH, is extensively studied due to its high effectiveness and
applicability [6,7]. The operational efficiency and sustainability of the homogeneous Fenton
process can be improved by developing heterogeneous Fenton-like systems by addressing
its drawbacks, such as the need for acidic pH (with a preferred pH range of 2.8-3.5), high
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chemical consumption, formation of iron sludge, leaching of iron, etc. Researchers around
the world are looking for ways to transform Fenton catalysis into an efficient, affordable,
and sustainable means of water treatment by overcoming the prevailing challenges in the
field [8-10].

In the endeavor to develop efficient Fenton catalysts, various aspects of the catalysts
and the catalytic process have been investigated. A large number of studies were carried out
to develop the most successful version of the Fenton catalyst. These studies focused on the
catalyst design [11-13], the catalytic mechanism [10,14], the operating conditions [15,16], the
stability and reusability of the catalyst [17-19], and the potential application areas [9,13,20].
Subsequently, Fenton catalysts evolved into various subcategories, such as homogeneous
Fenton [21], heterogeneous Fenton [22], photo-Fenton [11,23], electro-Fenton [24,25], sono-
Fenton [26,27], and so on. If we look at the wide landscape of Fenton catalysts, a variety of
materials, their modifications, or combinations are used as catalysts. These materials mainly
include various iron oxides, spinels, and perovskites containing iron or iron minerals such
as magnetite, hematite, maghemite, ferrihydrite, etc. [28-31]. These minerals have also
been used in combination with plasmonic materials [32], metal oxides [33,34], carbon
nanotubes [35], graphene oxide [36,37], MXenes [38], g-C3Ny [39] etc. Fenton catalysts
with heterojunctions have also received much attention in recent years [40,41]. Zero
valent iron [42,43], zero valent copper [44], complexes of iron and copper [45,46], metal—-
organic frameworks (MOFs) [47,48], metal-free catalysts made of graphene [49], activated
carbon [50], and supported Fenton-like catalysts [23,51] are the latest trends in Fenton
research. Understanding the mechanism of Fenton catalysis is also a priority, and each
stage of Fenton catalysis is being thoroughly investigated [52,53]. From a sustainable and
economic point of view, the development of highly stable and reusable catalysts is of great
importance. Over the years, research in the field of Fenton catalysts has explored new areas
of application and is still inventing new catalytic formulations.

As we aim to design and develop sustainable and affordable water treatment strategies,
we can always utilize the enormous potential of solar energy. By combining the abundance
of sunlight with the excellent properties of Fenton-like catalysis, photo-Fenton catalysts
can be produced. The utilization of visible light as an energy source (photo-Fenton) allows
for milder reaction conditions (neutral pH), superior H,O, activation, and environmental
friendliness in contrast to classical Fenton reactions [54,55]. These systems can be modified
further to perform better by incorporating transition metals (e.g., Cr, Co, Mn, and Cu) into
the Fenton catalysts [50,53]. Cu stands out among these as it can contribute to fast Cu* /Cu?*
redox cycling, producing more reactive oxygen species and enhancing Fe-driven HyO,
activation under visible light. The unique chemical composition of iron-based transition
metal complexes makes them structurally rigid, hence avoiding secondary pollution by
the metal leaching into the solution during degradation reactions. The efficiency, stability,
and reusability can be further enhanced by providing adequate catalytic support and by
optimizing metal concentrations within multicomponent Fenton catalysts [56,57]. Despite
several investigations on Cu-Fe systems, the combined effects of adjusted Cu/Fe ratios and
varied supports on metal dispersion, electronic structure, and photo-Fenton performance
at neutral pH remain poorly understood. This limits the development of catalysts that are
more stable and active.

To improve the Fenton catalysis for efficient pollutant degradation, we explored a
bimetallic approach along with influential catalyst supports. The incorporation of Cu into
the Fe salts accelerates *OH radical generation in more moderate environments due to the
synergistic effects arising from the redox interplay between these transition metals. In our
study, mesoporous silica (neutral support) was employed as one of the supports because it
offers high surface area, thermal stability, and durability [58,59]. y-alumina prepared from
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dawsonite precursor was chosen as another promising support due to its acid-base proper-
ties and strong metal-support interactions [60-62]. Cu-Fe catalysts supported on silica and
alumina were selected, as our group has investigated them previously for comparable appli-
cations [63,64]. In those studies, the redox synergy and structural stability of Cu-Fe systems
for Fenton-type reactions were explored; the fundamental roles of support chemistry, metal
dispersion, and Fe/Cu ratios in governing photo-driven reactivity remained insufficiently
understood. Building on these findings, the present work represents a conceptual extension
of our prior research, wherein we systematically vary metal loadings and employ two
distinct supports (silica and y-alumina) to explicitly unravel how support-metal interac-
tions and Fe content influence charge separation, *OH radical generation, and visible-light
photo-Fenton performance. Furthermore, despite being widely employed supports, the
effects of silica and y-alumina on Cu-Fe speciation in photo-Fenton catalysis have rarely
been explicitly compared. The main scientific question this work attempts to answer is
how adjusting Cu/Fe molar ratios in conjunction with two structurally distinct supports
impacts charge transfer behavior, *OH radical production, and light-assisted activity.

Therefore, this study attempts to address this gap by methodically investigating the
effect of (i) Cu/Fe ratio and (ii) support chemistry (silica vs. y-alumina) on the structural,
electronic, and catalytic properties of bimetallic Cu-Fe photo-Fenton catalysts. We focus on
developing bimetallic Cu-Fe photo-Fenton-like catalysts supported on silica and alumina,
with systematically varied metal ratios, to study the influence of support interaction
and metal dispersion on the structural, physicochemical, and catalytic properties. Fe
was incorporated into the supports at a molar ratio of 0.005 (Fe/Al or Fe/Si), while Cu
was loaded at varying molar ratios of 0.005, 0.01, and 0.02 (Cu/Al or Cu/Si). Silica-
based Cu-Fe catalysts were prepared by direct synthesis followed by calcination, while
alumina-based Cu-Fe catalysts were prepared from an ammonium dawsonite precursor
followed by wet impregnation and calcination. The influence of supports and metal ratios
on catalyst properties, including phase formation, porosity, elemental distribution, their
valence oxidation states, and electronic properties, was investigated through comprehensive
characterization using XRD, N, physisorption, SEM-EDX, TEM, UV-Vis DRS, PL, TCSPC,
and EPR techniques. The catalysts were evaluated for their efficiency in their Fenton-like
and photo-Fenton-like activity by monitoring the generation of hydroxyl radicals using
coumarin as a fluorescence probe. In addition, as a component of pharmaceutical and
personal care products (PPCPs), coumarin contributes to water pollution and represents a
worldwide environmental issue [65].

2. Results and Discussion

2.1. Catalyst Characterization
2.1.1. X-Ray Diffraction (XRD) Analysis

Figure 1 shows the XRD patterns of synthesized Cu-Fe bimetallic catalysts having
fixed Fe content and varying Cu contents distributed over silica and alumina supports.
All the obtained XRD patterns show amorphous character, along with mesoporous nature.
The mesoporous nature of the silica-supported catalysts is identical to that of the catalysts
developed by Wang et al. [66]. The crystallographic character and mesoporous properties
of the alumina-supported bimetallic catalysts are in agreement with the findings reported
by Huang et al. [67]. The XRD profiles also show the nanometer-size distribution of the
developed catalyst compositions. Figure 1a shows the XRD profiles of Cu-Fe bimetallic
catalyst compositions developed by choosing three different Cu/Si ratios while maintaining
a constant Fe/Si ratio. For silica-supported catalyst samples, with an increase in Cu loading,
the X-ray diffraction peaks corresponding to CuO are becoming more prominent, which
points to the formation of CuO nanocrystallites over the silica support. The average
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crystallite size was estimated using the Scherrer equation based on the width of the CuO
diffraction peaks, and the results are listed in Table 1.
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Figure 1. XRD patterns of Cu-Fe bimetallic catalysts with constant Fe/Si and Fe/Al molar ratios and
increasing Cu content, supported on (a) silica and (b) alumina. Dotted lines indicate reference pattern
of CuO (JCPDS: 00-001-1117) in (a) and y-Al,O3 (00-029-0063 JCPDS) in (b).

Table 1. Crystallite sizes of CuO determined from X-ray diffraction data using Scherrer equation.

Catalyst Cl‘ySt:lrlllr:)e Size
005Fe005Cu SiO; _
005Fe01Cu SiO, 12.1
005Fe02Cu SiO, 20

XRD patterns of Cu-Fe bimetallic compositions with different Cu/Al ratios and a
constant Fe/Al ratio on alumina are shown in Figure 1b. Here, the y-alumina phase was
confirmed, but no distinct metal oxide diffraction peaks were observed, indicating that the
metal components are in a highly dispersed state. The dispersion of Cu is therefore better
on an alumina support than on silica. There is no evidence of distinct FeOy phases in either
the silica or alumina-supported catalyst variants. Although no CuO peaks are observed,
Scherrer analysis of the y-Al,O3 peaks indicates average crystallite sizes of 3.80—4.38 nm
(Table 2), confirming the crystalline nature of the alumina support and supporting high
dispersion of Cu species.

Table 2. Crystallite sizes of y-Al,O3 determined from X-ray diffraction data using Scherrer equation.

Catalyst Cryst?ill;t)e Size
005Fe005Cu Al,O3 4.36
005Fe01Cu AL, O3 3.80
005Fe02Cu Al,O3 4.38
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2.1.2. Scanning Electron Microscopy and Energy-Dispersive X-Ray Spectroscopy
(SEM-EDX) Analysis

The elemental compositions of the synthesized Cu-Fe bimetallic catalysts were deter-
mined by energy-dispersive X-ray spectroscopy (EDX). The EDX analysis confirmed the
presence of oxygen, silicon, aluminum, iron, and copper as the main constituents of the
developed bimetallic catalysts. Elemental mapping was performed on multiple regions of
each catalyst sample to confirm homogeneity. The average values from these regions were
then used to calculate the reported molar Fe/Si and Cu/Si ratios, ensuring that the ratios
represent the overall surface composition rather than localized variations. The Fe/Si and
Cu/Si ratios calculated from the atomic percentages of Fe, Cu, and Si are listed in Table 3.
The results of SEM-EDX analysis show that the actual Fe loading in the synthesized Cu-Fe
bimetallic catalysts on both supports is close to the expected molar ratio of 0.005. As for
Cu loading, the alumina-supported bimetallic catalysts are in better agreement with the
nominal stoichiometric Cu/Si ratio. The local formation of CuO nanocrystallites on the
silica support leads to higher Cu/Si ratios. In the catalysts with the alumina support, both
Cu and Fe are evenly distributed over the support.

Table 3. Elemental composition and molar ratios of synthesized samples obtained from SEM-

EDX analysis.
Catalyst Fe/Si Cu/Si Fe/Al Cu/Al
005Fe005Cu SiO, 0.007 0.01 - -
005Fe01Cu SiO, 0.007 0.02 - -
005Fe02Cu SiO, 0.007 0.04 - -
005Fe005Cu Al,O3 - - 0.007 0.01
005Fe01Cu Al,O3 - - 0.006 0.01
005Fe02Cu Al,O3 - - 0.007 0.02

Due to possible surface segregation, accurate metal quantification is particularly im-
portant for silica-supported Cu-Fe catalysts. As SEM-EDX provides only semiquantitative
data, ICP-OES analysis was performed (Table S1). The results show a nearly constant Fe/Si
ratio, indicating uniform Fe incorporation, while the Cu/Si ratio increases with Cu content,
in agreement with the intended loading. Table S1 also shows good agreement between the
nominal and actual loading for alumina-supported Cu-Fe catalysts.

2.1.3. Nitrogen Physisorption and BET Surface Area Analysis

N, adsorption-desorption isotherms of the developed Cu-Fe bimetallic catalysts are
given in Figure 2. Specific surface area, total pore volume, and average pore sizes of
the synthesized catalysts were estimated from adsorption—desorption isotherms and are
summarized in Table 4. N, adsorption—desorption isotherms of both silica-supported and
alumina-supported Cu-Fe bimetallic catalysts exhibit type IV adsorption isotherms with H1
hysteresis. The type IV adsorption—desorption isotherms indicate the mesoporous nature
of the synthesized catalysts, while H1 hysteresis is characteristic of the narrow range of
uniform mesopores [68]. The surface properties of the bimetallic catalysts on silica supports
and the variation of the surface area with metal loading are similar to those reported by
Wang et al. [66]. The porous character of the developed alumina-supported bimetallic
catalysts is consistent with literature data [69]. Importantly, the silica-supported catalysts
exhibit substantially higher BET surface areas than the alumina-supported ones, which
can be attributed to the intrinsically more open and amorphous mesoporous structure
of silica that generally preserves its porosity more effectively during metal incorporation
and calcination. In contrast, y-Al,O3 is known to undergo partial pore shrinkage and
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densification upon impregnation and thermal treatment, and its stronger interactions with
Cu and Fe precursors may lead to partial pore blockage [69]. These effects are likely
responsible for the lower accessible surface area observed for the alumina-supported
catalysts. Despite the lower surface area, alumina-supported Cu-Fe bimetallic catalysts
exhibit superior Cu dispersion, and a gradual decrease in surface area with increasing Cu
loading is observed, which can also be associated with an increase in pore size arising from
the enhanced density of surface defects generated upon Cu incorporation [70].
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Figure 2. N, adsorption—desorption isotherms of Cu-Fe bimetallic catalysts supported on (a) SiO,
and (b) Al,Os.
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Table 4. Textural properties (surface area, pore volume, and average pore size) of Cu-Fe catalysts
supported on silica and alumina.

SBET Vpore at p/p° =0.98  Average Pore Size

Catalyst (m?/g) (cm3/g) (nm)
005Fe005Cu SiO, 650 1.75 18.8
005Fe01Cu SiO, 654 1.98 21.3
005Fe02Cu SiO, 611 2.19 24.8
005Fe005Cu Al,O3 286 0.55 5.3
005Fe01Cu Al,O3 258 0.59 6.8
005Fe02Cu Al,O3 247 0.59 7.3

The pore size distribution curves (dV/dW) of the silica and alumina-supported cata-
lysts are provided in the Supplementary Information (Figure S5).

2.1.4. Transmission Electron Microscopy (TEM) Analysis

To gain a better insight into the particle morphology, crystal structure, and elemen-
tal distribution, a series of samples was selected from the prepared silica- and alumina-
supported catalysts and subjected to TEM analysis. The TEM images of the best performing
catalysts, i.e., 005Fe02Cu SiO, and 005Fe02Cu Al,Os, are shown in Figures 3a and 3b,
respectively.

(@)

Figure 3. TEM micrographs and elemental mappings of (a) 005Fe02Cu SiO, and (b) 005Fe02Cu
Al,O3 samples.

The TEM images of the 005Fe02Cu SiO, and 005Fe02Cu Al,O3; samples show uni-
formly sized, highly porous particles with a size of less than 10 nm. As shown in Figure S1,
all the alumina-supported catalysts were uniformly dispersed, and the samples with lower
copper loading in the silica-supported catalysts (005Fe005Cu SiO, and 005Fe01Cu SiO,)
showed uniform dispersion of elements Fe and Cu without aggregation. The elemental
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mapping obtained from STEM-EDXS analysis shows the presence of CuO nanoparticles in
the silica-supported catalyst with the highest Cu loading (Figure 3a); the CuO nanoparticles
exhibit a broad size distribution, with an average equivalent spherical diameter of 26 nm
and a standard deviation of 19 nm (26 & 19 nm), indicating significant polydispersity.
This indicates a heterogeneity of Cu loading on the silica support and implies that the
synthesis conditions for the composition of the catalysts on silica supports need to be
further optimized. The TEM images of the 005Fe02Cu Al,O3 catalyst show a high degree of
uniform distribution of Cu on the alumina support (Figure 3b). The SAED (Selected Area
Electron Diffraction) patterns obtained from the TEM show that alumina is predominantly
present in the y-Al,O3 phase; however, small amounts of x-Al,O3 and amorphous phases
are also evident. The diffuse nature of the SAED patterns indicates the amorphous nature
of the silica-supported catalysts (Figure S2).

All samples with the alumina support showed a homogeneous distribution of metals
throughout the support, indicating that the metal ions are well dispersed at the nanoscale
and do not form larger aggregates. The existence of nanoclusters consisting of a few Cu
and/or Fe atoms cannot be ruled out. Furthermore, the uniform distribution of Cu and
Fe in the sample can only be explained by the existence of single atoms or few-atoms
clusters. Unfortunately, imaging at the atomic level was not possible due to the sample
thickness and localized charging, as SiO; and Al,O3 have a very high electrical resistance.
The interactions between metal and support are better when there is a uniform distribution,
which is essential to maximize the catalytic performance.

2.1.5. UV-Vis Diffuse Reflectance Spectroscopy (DRS)

The UV-Vis diffuse reflectance (DR) spectra of the synthesized Cu-Fe bimetallic cat-
alysts are shown in Figure 4. The UV-Vis DR spectra obtained are consistent with the
available literature [69,71,72]. The UV-Vis DR spectra of both silica- and alumina-supported
Cu-Fe bimetallic catalysts exhibit an increase in visible-light absorption with increased Cu
loading. The enhancement in visible-light absorption of the synthesized catalysts indicates
their potential for photo-Fenton activity. The absorption signal observed around ~750 nm
can be attributed to the d-d transitions of Cu®* ions coordinated in distorted octahedral
fields of oxygen ligands [58]. For all the synthesized catalyst compositions, the high en-
ergy region of the spectra (200-300 nm) can be assigned to ligand-to-metal charge transfer
(M+—O CT) from O?% to Fe3* and Cu?* ions [73-75].

On the other hand, if we compare the UV-Vis DR spectra of silica- and alumina-
supported catalysts, we can observe that the catalysts with the alumina support show
red-shifted (0.20-0.42 eV) absorption profiles in contrast to the catalysts with the silica
support. This red-shift could indicate an enhanced photo-Fenton activity of the alumina-
supported catalyst compositions and can be assumed as a result of the better dispersion
of the Cu and Fe species on the alumina support and the resulting improved interaction
between the support and the active metal species, which favors better charge transfer.

The optical band gaps of the synthesized catalysts were evaluated from Tauc plots
derived from DRS data (Figure 5, Table 5), corresponding to the absorption onset and
assuming direct electronic transitions. This choice of a direct bandgap is justified because
CuO nanoparticles are known to exhibit direct transitions, providing a more accurate
estimation of their visible-light absorption properties. The catalysts exhibited direct band
gaps in the range of 3.3-3.8 eV, which are comparable to or slightly lower than values
reported in previous studies [76,77].
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Figure 4. UV-Vis DR spectra of Cu-Fe bimetallic catalysts with fixed Fe content and variable Cu
loading supported on (a) SiO; and (b) Al,Os.

Table 5. Band gap values of the catalysts determined from Tauc plots.

Sample Ba(r:‘i/g)ap
005Fe005Cu SiO, 3.76
005Fe01Cu SiO, 3.56
005Fe02Cu SiO, 3.62
005Fe005Cu Al,O3 3.34
005Fe01Cu AL, O3 3.42
005Fe02Cu Al,O3 3.52
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Figure 5. Tauc plots derived from UV-Vis DRS data for Cu-Fe bimetallic catalysts with varying Cu
content on (a) SiO; and (b) Al,Os.

2.1.6. Photoluminescence (PL) Analysis

The fluorescence spectra of Cu-Fe bimetallic catalysts supported on SiO; and Al,O3
were recorded at excitation wavelengths of 240 nm and 450 nm (Figure 6). A strong
emission peak around 400 nm is observed under UV excitation (240 nm) with a very small
peak at ~300 nm, in all samples (Figure 6a,b). The ligand-to-metal charge transfer (LMCT)
transitions involving O?>~ — Fe3" and Cu?* interactions as well as emission from surface
defects (oxygen vacancies, integrated metal ions, etc.) can be attributed to the peak at
~400 nm, while the much weaker peak at ~300 nm is due to emission induced by bulk
defects [78,79]. The absolute intensities of bulk and surface defects (oxygen vacancies) are
comparable for silica- and alumina-based catalysts. When normalized to the specific surface
area, alumina-based catalysts show a significantly higher defect density than silica-based
catalysts, indicating a higher concentration of active defect sites per unit area (Table 52).
A higher number of surface defects improves the dispersion of the metal species and the
catalytic activity by enhancing the interactions between the metal carriers in the alumina-
based catalysts (see below).
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Figure 6. Photoluminescence solid-state spectra of Cu-Fe bimetallic catalysts supported on (a) SiO,
and (b) Al;O3 under 240 nm excitation, (c) emission spectra under 450 nm excitation, and (d) liquid-
phase PL behavior of catalysts.

PL spectral deconvolution was employed to estimate the surface-defect concentrations,
including non-bridging oxygen hole center (NBOHC) emission and oxygen-vacancy re-
combination components (Table S3). Alumina-supported catalysts generally exhibit higher
defect-related emissions than silica-supported ones, which correlates with increased charge—
carrier recombination and influences photo-Fenton activity. For illustration, deconvoluted
PL spectra of 005Fe02Cu SiO, and 005Fe02Cu Al,O3 samples are shown in Figure S6.

The broad emissions in the range of 470-700 nm under excitation with visible light
(450 nm) in the investigation of the photo-Fenton performance of the catalysts studied are
characteristic of d-d transitions of Fe3* and Cu?* ions (Figure 6¢c) and are confirmed by
earlier work [77,80]. This emission is also associated with oxygen vacancies and defect
states, which can act as charge—carrier trapping sites. For silica-supported catalysts with
varying Fe loading and the highest Cu loading (i.e., 005Fe02Cu SiO, and 01Fe02Cu SiO;
samples), excitation at 450 nm importantly reveals that the catalyst with low iron loading
exhibits lower PL intensity, indicating better charge separation and enhanced production
of *OH radicals, crucial for degrading organic pollutants in wastewater.

To further verify the fluorescence emission behavior of these catalysts (005Fe02Cu SiO,
and 01Fe02Cu SiO;) observed in the PL spectra in the solid state, PL measurements were
performed in liquid phase with water as medium (Figure 6d). Both the catalyst dispersed in
water and the catalyst-water and H,O, mixtures were analyzed using this technique. The
PL spectra in the liquid phase showed similar responses to the PL spectra in the solid state,
confirming the reproducibility of the emission behavior. At the same time, characteristic
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vibrational bands of water molecules, originating from O-H stretching and O-H bending
modes, appeared in the spectra. When comparing the PL spectra in solid and liquid phases,
it becomes clear that the PL emissions in both solid and liquid environments originate from
the same active species, which underlines the reliability and consistency of the emission
behavior in different phases. Based on the above, it is confirmed that the 01Fe02Cu SiO,
catalyst exhibits faster regeneration of charge carriers than the 005Fe02Cu SiO, sample
even in the liquid phase (i.e., under the conditions of the catalytic tests).

These results correlate very well with the lifetime of photogenerated electrons in
the examined catalysts, as provided in Table 6, determined from the TCSPC technique,
showing shorter lifetimes for higher iron loading. Overall, the lifetime of photogenerated
electrons in the synthesized catalysts is less than 1 ns and needs optimization for highly
active visible-light-driven photo-Fenton applications.

Table 6. TCSPC lifetime parameters of Cu-Fe bimetallic catalysts.

T1 T2 Aq A Taverage

2
Sample ms)  @s) (%) (6 (ns) X
005Fe005Cu Al,O3 0.51 3.90 99.6 0.4 0.52 1.14
005Fe01Cu Al,O3 0.87 1.81 99.5 0.5 0.87 1.22
005Fe02Cu Al,O3 0.68 2.00 99.7 0.3 0.68 1.13
005Fe02Cu SiO, 0.66 1.79 99.5 0.5 0.67 1.15
01Fe02Cu SiO, 0.48 1.75 99.6 0.4 0.49 1.20

Note: PL decay curves were fitted with a two-exponential function and deconvoluted with an instrument
response function.

2.1.7. Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR spectroscopic analysis of the synthesized Cu-Fe bimetallic catalysts was carried
out to understand the valence states, metal-support interactions, and extent of metal species
dispersion. EPR spectra confirmed the presence of paramagnetic Fe** and Cu?* species in
both silica and alumina-supported bimetallic catalysts synthesized (Figure 7a,b). This is in
line with expectations, taking into account the catalyst preparation procedures (calcination
in air). No signals indicative of FeZ* are observed in the samples [81]. The absence of
signals in the EPR spectra of pure SiO, and Al,O3; without Fe and Cu components indicate
the absence of paramagnetic impurities in both supports (Figure S3).

For alumina-supported catalysts, the Fe3* ions exhibit a high-spin state (S = 5/2) signal
(~156 mT) at around g ~ 4.3, which is typical for isolated high-spin Fe>* in a rhombically
distorted environment, and arises from the transition between mg = —1/2 and mg = +1/2
spin states [82]. A comparable peak is seen in the silica-supported catalysts, with a little
leftward shift and a more broadened character associated with heterogeneity of the local
environments of Fe3*, which results from the amorphous nature of SiO, [81].

The intensity of EPR spectra of both silica- and alumina-supported Cu-Fe bimetallic
catalysts increases with increased Cu loading, indicating enhanced paramagnetic behavior.
Cu?* ions are identified through their g ~ 2.1 (260-320 mT) resonance with hyperfine
splitting for alumina-based materials. The alumina-supported catalysts exhibit partially
resolved hyperfine splitting in the g|| region, with three evident peaks, indicating the pres-
ence of Cu?* in a semi-ordered coordination environment [83]. The broad and asymmetric
nature of the peak is likely due to the heterogeneous crystal environment caused by the
mixture of y-Al,O3 and «-Al,O3 phases, which are evident from the TEM results. The
absence of well-defined hyperfine splitting suggests that the parallel component is not
fully resolved due to interactions with the Fe;O3-Al,O3. In contrast, the Cu?* signal on
silica appears as a single broadband (275-325 mT) without resolved hyperfine structure,
implying a more disordered local environment or greater variation in Cu®* coordination
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geometry caused by the amorphous SiO; matrix and its interactions with Fe,O3. Larger
CuO nanoparticles on the silica support may also be the cause of the absence of hyperfine
splitting [84,85]. Increasing Cu concentration leads to an enhancement of the Cu?* sig-
nal, suggesting efficient substitution in the matrix. The variation in signal intensity and
broadness suggests different degrees of metal dispersion and interaction [86]. However, the
above-described EPR results confirm that stronger metal-support interactions are present
in alumina-based catalysts than in silica-based materials.
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Figure 7. X-band CW EPR spectra of Cu-Fe bimetallic catalysts with increasing Cu/Si or Cu/Al
molar ratios supported on (a) silica, and (b) alumina, measured at 25 °C. Cavity background curve is
shown for reference.

When the samples were illuminated with visible light during EPR analysis, slight
shifts and shape changes of some peaks were observed in the silica- and alumina-based cat-
alysts with the lowest iron content, indicating the trapping of excited electrons (Figure S4).
This is consistent with the results of the photo-Fenton tests, which showed the positive
effect of visible-light illumination on the catalytic activity measured using coumarin as
a photoluminescence probe. However, no significant changes were observed in the EPR
spectra when the 01Fe02Cu SiO; sample (higher iron content) was illuminated with visible
light during EPR analysis. This observation is consistent with the results of the PL analysis
(Figure 6¢) and the photo-Fenton tests performed on catalysts supported on silica, where
the illumination of the reaction suspension with visible light did not increase but decreased
the activity.

2.2. Evaluation of Fenton-like and Photo-Fenton-like Catalysis Using Coumarin
2.2.1. Catalytic Tests

The Fenton-like and photo-Fenton-like catalytic activities of the synthesized Cu-
Fe bimetallic catalysts were investigated using coumarin as a photoluminescent probe.

https:/ /doi.org/10.3390/catal16010034


https://doi.org/10.3390/catal16010034

Catalysts 2026, 16, 34

14 of 26

Coumarin reacts with *OH radicals to yield 7-OHC, a fluorescent product [87]. The in-
corporation of H,O; into the reaction medium facilitates the decomposition of HyO, into
highly reactive *OH radicals. These generated radicals then react with coumarin to yield
7-OHC. This conversion of coumarin to 7-OHC is a reliable indicator for determining the
extent of *OH radicals formed during the reaction, which is directly linked to the catalytic
efficiency in AOPs [88].

Catalytic tests were performed under dark (Fenton activity) and visible-light condi-
tions (photo-Fenton). The pH of the reaction solution was monitored before and after each
experiment. For all Cu-Fe catalysts, the initial pH was 6.0 and remained unchanged (final
pH = 6.0), indicating stable reaction conditions during catalytic tests. The formation of
the hydroxylated product was monitored by fluorescence spectroscopy. PL intensity was
recorded at various reaction intervals for each catalyst, and the results were plotted to
visualize the kinetics of *OH radical generation.

Essential control experiments were performed under the same conditions as the
catalytic tests (450 nm LED, 25 °C, N, atmosphere, identical coumarin concentration) to
distinguish photolytic, photocatalytic, and dark Fenton contributions. The controls listed
below were carried out: (i) light + H,O; + coumarin (no catalyst), (ii) catalyst + coumarin
(no H,O»), and (iii) H,O; + catalyst + coumarin (dark). The first two controls showed
very weak 7-OHC emission, indicating negligible *OH generation from photolysis or
catalyst excitation alone. In contrast, the third control showed a measurable increase in
7-OHC intensity, confirming that dark Fenton activity occurs when the catalyst reacts with
H,0;. Figure S7 in the Supplementary Information displays the graph showing control
experiments using Cu-Fe catalysts on silica and alumina supports.

Variations in PL intensity around 450 nm at different time intervals for the devel-
oped catalyst samples are shown in Figure 8, which gives quantitative information on the
formation of *OH radicals and thereby a measure of catalytic activity. The full set of calcu-
lated and normalized reaction rate values is provided in the Supplementary Information
(Table S4).

The coumarin tests were first conducted using the monometallic species on the Al,O3
support (005Fe Al,O3 and 01Cu Al,O3 samples) to understand the role of individual
metal species in the reactions under consideration. Figure 8a shows the catalytic activity
of Fe-only and Cu-only incorporated catalyst samples, along with a summation of the
individual component activities given in comparison with the corresponding bimetallic
catalyst composition. Thus, we have a clear indication of the synergistic effect of Cu and Fe
species together over the alumina support. Cu-Fe bimetallic catalysts showed the highest
Fenton-like activity due to synergistic effects between copper and iron, which promote
better charge—carrier separation, more efficient light absorption, and improved catalytic
performance [89,90].

The catalytic efficiency of Cu-Fe bimetallic solids, with a fixed Fe/Si or Fe/Al molar
ratio of 0.005 and three different Cu/Si or Cu/Al ratios, i.e., 0.005, 0.01, and 0.02, was
evaluated and is shown in Figure 8b,c. The catalytic study shows that alumina-supported
catalysts exhibit higher catalytic activity under both dark and visible-light conditions.
The catalytic activity varies significantly depending on the support material, regardless
of identical metal ratios. This variation in catalytic efficiency is correlated to the strong
metal-support interactions and better dispersion of metal species over alumina-supported
samples than silica-based solids, even though silica exhibits a higher surface area (Table 4).
The improved efficiency of alumina-supported catalysts may also be shaped by their surface
acidity, which helps in the activation of the reactants [91,92]. A gradual rise in the activity
was observed for both supports with higher Cu content, which can be explained based
on the greater availability of active CuO sites and potential synergistic effects between
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Fe- and Cu-containing phases in the bimetallic system. As can be seen in Figure 8c, the
PL intensity, which corresponds to the formation of 7-OHC, increases proportionally to
the Cu loading in the first part of the reaction course; this is due to the high dispersion
of the active phases, as confirmed by TEM analysis. Even though the alumina-supported
catalysts exhibit higher overall activity, the activity under visible-light irradiation was
not appreciably improved. This subtle enhancement in activity is likely due to inefficient
visible-light absorption and rapid recombination of photogenerated charge carriers, which
exhibit rather short lifetimes as obtained from the TCSPC analysis (Table 6). Alternative
approaches like bandgap engineering, incorporation of plasmonic materials, etc., can be
employed to boost the visible-light response of these systems [93,94].
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Figure 8. Photoluminescence (PL) intensity at A = 450 nm as a function of reaction time (0-120 min)
for coumarin oxidation in the presence of various Cu—Fe bimetallic catalysts under dark conditions
(dotted lines) and visible-light irradiation (solid lines). (a) Comparative performance of single-metal
(Cu-only and Fe-only) and bimetallic (Cu-Fe) catalysts on alumina support. (b) silica-supported
Cu-Fe catalyst with a molar ratio of Fe/Si = 0.005; (¢) alumina-supported Cu-Fe catalyst with
Fe/Al = 0.005; (d) silica-supported Cu—Fe catalyst with Fe/Si = 0.01. PL intensity corresponds to
formation of 7-hydroxycoumarin, which serves as a fluorescent probe for hydroxyl radical (*OH)
generation in Fenton and photo-Fenton reactions.

When the Fe/Si molar ratio was increased to 0.01, the Fenton activity was significantly
increased compared to the 0.005 Fe/Si catalysts, but an unexpected decrease occurred in
the photo-Fenton activity (Figure 8d). This inverse response is an indication of the effect
of metal loading on catalytic performance. An increase in Fe content promotes metal
aggregation, reduces surface dispersion, and decreases the number of photoactive sites,
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thereby limiting the effective utilization of visible light and reducing the generation of
*OH generation.

The assessments of PL emission spectra (Figure 6¢) and TCSPC measurements of cata-
lysts (Table 6) with higher iron loading (01Fe02Cu SiO,) and lower iron loading (005Fe02Cu
Si0;) disclosed that the 0.01 Fe/Si catalyst exhibited a more intense PL emission peak (in
both solid-state and liquid-phase measurements) and shorter lifetime compared to the
0.005 Fe/Si catalyst, implying that the higher iron content leads to faster recombination
of photogenerated charge carriers. In other words, an increased iron content (most likely
in the form of Fe;O3) leads to a higher surface concentration of Fe3*, but at the same time
impairs photogeneration and charge separation. It might be also speculated that the fast
recombination observed in PL and TCSPC measurements can be attributed to the formation
of small FeO clusters on the silica surface, acting as electron traps. As a result, there is
an increased electron-hole recombination (¢~ /h*), which reduces the probability of Fe3*
being reduced to Fe?*. Since Fe?* is the active species responsible for the generation of *OH
radicals, the photo-Fenton activity decreases (schematically illustrated in Figure 9, right
panel). In contrast, at lower iron loading (Figure 9, left panel), reduced recombination losses
allow more efficient electron transfer via CuO-related states, facilitating Fe** /Fe?* redox
cycling and sustained *OH radical formation under visible-light irradiation. Although
CuO could in principle still facilitate the formation of *OH radicals under illumination, the
dominant negative effects of the iron-containing oxides—through increased recombination,
physical coverage of the CuO sites, and formation of electron traps—outweigh the positive
contribution of CuO. Consequently, a net decrease in activity can be observed in Figure 8d
under illumination with visible light [90,91].

Recombination

Lower Fe content

Higher Fe content

®

.

Figure 9. Proposed photo-Fenton mechanism of Cu-Fe bimetallic catalysts under visible-light irradia-
tion. Illumination generates photogenerated electrons and holes, which participate in CuO-mediated
charge transfer and accelerate Fe3* /Fe?* redox cycling. At low Fe loading, efficient charge separa-
tion promotes regeneration of Fe?*, which reacts with H,O, to produce hydroxyl radicals (*OH)
responsible for selective oxidation of coumarin to 7-hydroxycoumarin (7-OHC). At higher Fe content,
increased charge—carrier recombination limits Fe?* regeneration and suppresses photo-Fenton activ-
ity. The schematic summarizes the interplay between charge-carrier dynamics, Cu-Fe synergistic
interactions, hydroxyl radical generation, and the observed catalytic performance.

To verify the structural stability of the catalysts after the catalytic tests, post-reaction
XRD and TEM analyses were performed. The XRD patterns before and after reaction display
identical phase compositions, with only a slight decrease in peak intensity, indicating minor
leaching but no structural changes. TEM images further confirm the structural stability
by retaining their morphology and dispersion: CuO domains remain present in the spent
005Fe02Cu SiO; catalyst, consistent with the fresh sample, while the 005Fe02Cu Al,O3
catalyst maintains uniformly dispersed metal species after reaction. Post-reaction XRD
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and TEM data of 005Fe02Cu SiO; and 005Fe02Cu Al,O3; samples are provided in the
Supplementary Information (Figures S8 and S9).

2.2.2. Metal Leaching Analysis

The metal leaching tests of the prepared catalyst compositions were performed under
Fenton reaction conditions to examine the stability and ecological integrity of the prepared
materials using the ICP-MS technique. Leaching measurements of all the synthesized
catalysts were carried out under the same operating and reaction conditions to ensure the
reliability and coherence of the experimental results. A 20 mM solution of 30% HyO, was
introduced into 100 mL of an aqueous solution containing 40 mg of a photocatalyst, and the
mixture was stirred for four hours. Followed by 4 h of agitating the suspension at 300 rpm,
the aqueous-phase samples were extracted, promptly filtered through a 0.2 um membrane
filter, and then analyzed. The ICP-MS method offers high sensitivity for trace metal
detection with a detection limit of 0.5 pg/L. Leaching concentrations obtained from the
analysis were compared against the permissible limits outlined in the European Drinking
Water Directive (Council Directive 98/83/EC), which specifies maximum permissible
concentrations of 2000 ug/L for Cu (Annex I, page 36) and 200 pg/L for Fe (page 40).

All the catalysts proved their excellent structural integrity, resulting from minimal
leaching well below the regulatory limits under oxidative stress (Table 7). The low leaching
values refer to the eco-friendliness of the materials and their importance in sustainable
water treatment applications. The minor differences in leaching concentration between
materials supported by silica and alumina are probably due to variations in the metal-
support interaction. Alumina-supported catalysts had relatively lower leaching values
than their silica counterparts, because of their stronger ability to anchor metals, suggesting
that the support material plays a significant role in heterogeneous catalysis.

Table 7. Measured concentrations of leached metals after catalytic treatment (ICP-MS).

Cu Fe
Catalyst (ug/L) (ug/L)
005Fe005Cu SiO; 264 6
005Fe01Cu SiO, 185 1
005Fe02Cu SiO, 267 3
01Fe005Cu SiO, 213 15
01Fe01Cu SiO, 258 19
01Fe02Cu SiO, 462 17
005Fe005Cu Al,O3 83 2
005Fe01Cu Al,O3 462 1
005Fe02Cu Al,O3 733 <1

3. Experimental
3.1. Chemicals

Tetraethylammonium hydroxide (TEAOH, 35 wt.%, Sigma-Aldrich, Saint Louis, MO,
USA), tetraethyl orthosilicate (TEOS, 98%, Sigma-Aldrich), triethanolamine (TEA, 99%,
Sigma-Aldrich), copper(Ill) acetate monohydrate (Cu(CH3COO),-H,0O, 98%, Aldrich),
iron(Ill) chloride hexahydrate (FeCls-6H,0O, 98%, Sigma-Aldrich), aluminum chloride
hexahydrate (AICl3-6H,0, Sigma-Aldrich), and ammonium carbonate ((NHy),COj3, Sigma-
Aldrich) were obtained from Sigma-Aldrich (St. Louis, MO, USA) and used without further
purification. Copper(Il) nitrate trihydrate (Cu(NO3);,-3H,0, 99-104%, Honeywell Fluka)
was purchased from Honeywell Fluka (Buchs, Switzerland). Coumarin (CoHgO,, 98%,
Alfa Aesar, Ward Hill, MA, USA) was used as a model organic pollutant and a probe for
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*OH radical detection. Ultrapure water (18.2 M(Q)-cm, Type 1) was used throughout the
synthesis to ensure high-purity conditions.

3.2. Preparation of Catalysts
3.2.1. Preparation of Silica-Supported Catalysts

Bimetallic Cu-Fe functionalized silica-supported catalysts were prepared using a pre-
viously reported synthesis procedure for mesoporous silica KIL [95]. In the first step,
25 g of silica source, tetraethyl orthosilicate (TEOS, Sigma-Aldrich, 98%), was combined
with copper acetate monohydrate (Cu(CH3;COO),-H,0, Sigma-Aldrich, 98%) in varying
amounts to achieve the theoretical molar ratios of Cu/Si = 0.005, 0.01, and 0.02 and stirred
for 10 min. Iron (III) chloride hexahydrate (FeCls-6H,0, Sigma-Aldrich) was then added to
obtain the theoretical molar ratio of Fe/Si = 0.005, and the mixture was stirred for 10 min.
Triethanolamine (TEA, 8.86 g, Sigma-Aldrich (St. Louis, MO, USA), 99%) as a structure-
directing agent (directs the polycondensation of silicate species) and ultrapure water were
added and stirred for another 30 min. After 30 min of continuous stirring, tetraethylammo-
nium hydroxide (TEAOH, 8.66 g, Sigma-Aldrich, 35 wt.%) was added as a pH moderator,
and continuous stirring was applied to obtain a homogeneous gel. The pH of the gel after
addition of TEAOH was around 11, which facilitated homogeneous polycondensation of
silicate species. The formed gel was aged overnight at room temperature and then dried in
a furnace for 24 h at 50 °C. In the second step, the gel was thoroughly ground and subjected
to a solvothermal treatment in ethanol for 48 h at 150 °C in a Teflon-lined stainless-steel
autoclave. After multiple decants, the solid product was washed with ethanol. With a
calcination step at 500 °C for 10 h, the template was extracted from the pores at a 10 °C/min
ramp rate under continuous airflow. During overnight aging and solvothermal treatment,
the pH gradually stabilized without significant fluctuations.

The synthesized materials were denoted as 005Fe005Cu SiO;, 005Fe01Cu SiO;, and
005Fe02Cu SiO,.

3.2.2. Preparation of Alumina-Supported Catalysts

In this study, a two-step synthesis method was used to create Cu-Fe-modified alumina
supports from an ammonium dawsonite (NH4AICO3(OH),) precursor with constant Fe
loading (Fe/Al = 0.005) and variable Cu loading (Cu/Al = 0.005, 0.01, and 0.02). The
synthesis procedure followed previously reported data in [96,97], with a few modifications
such as changing the molar ratios between the compounds and switching from nitrate to
chloride in the case of the Fe precursor, as described by Zumbar et al. [64].

In the first step (Al,O3 synthesis and in situ iron incorporation), ammonium aluminum
carbonate hydroxide was made by mixing ammonium carbonate solution (2 M, (NH4),COs3,
Sigma-Aldrich) and aluminum chloride hexahydrate solution (2 M, AlCl3-6H;,0, Sigma-
Aldrich) in a molar ratio of 4:1 in favor of the basic compound. To achieve the required
Fe/Al molar ratio of 0.005 in the calcined aluminum oxide, iron was added to the neu-
tralization reaction in a volume of 1 mL using a 0.15 M iron(Ill) chloride hexahydrate
(FeCl3-6H,0, 98%, Sigma-Aldrich) solution. A peristaltic pump was used to introduce the
ingredients, and the flow was adjusted to maintain a pH of 7.75-8.25 during the neutraliza-
tion reaction, ensuring controlled dawsonite formation and preventing boehmite formation.
The suspension was then heated to 85 °C in an oil bath and vigorously stirred for three
hours. Ultrapure water was used to filter and wash the product. The water to Al,O3
mass ratio was 30:1 to avoid the unwanted production of boehmite [96,97]. After washing,
the dawsonite was dried at 105 °C for 24 h. The substance was subsequently calcined
for two hours at 700 °C in the presence of air to produce y-alumina from the dawsonite
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structure. The pH remained stable during heating at 85 °C for 3 h and subsequent drying
and calcination.

In the final step, copper was deposited by the incipient wetness impregnation method
with 0.2 M copper(Il) nitrate trihydrate (Cu(NO3),-3H,0, 99-104%, Honeywell Fluka,
Buchs, Switzerland) solution to obtain the necessary Cu/Al molar ratios of 0.005, 0.01, and
0.02 in the calcined aluminum oxide. Following the successful impregnation, the samples
were calcined for an hour at 500 °C after being dried overnight.

The synthesized materials were denoted as 005Fe005Cu Al,O3, 005Fe01Cu Al,O3, and
005Fe02Cu AL O3.

3.3. Materials Characterization

X-ray powder diffraction (XRD) was employed to analyze the structural character-
istics of the synthesized materials. Diffractograms were recorded using a PANalytical
(Almelo, The Netherlands) X'Pert PRO high-resolution diffractometer with Cu Koy ra-
diation (A = 0.15406 nm), operating at 40 kV and 30 mA at ambient conditions between
10 and 70° 20 for silica-supported catalysts and 5 and 80° 20 for alumina-supported
catalysts with a step of 0.034° and 100 s per step.

The distribution of the elements on the catalyst surface was analyzed using energy-
dispersive X-ray spectroscopy (EDX) connected to a field emission scanning electron
microscope (FE-SEM, Zeiss Supra 35VP, Carl Zeiss, Oberkochen, Germany) with an INCA
400 EDXS system (Oxford Instruments, Abingdon, UK). The EDX measurements were
performed under high vacuum conditions with an accelerating voltage of 20 keV and an
aperture of 30 um.

The textural characteristics, such as specific surface area, total pore volume, and aver-
age pore size, were determined from nitrogen adsorption—desorption isotherms recorded
on a Micromeritics (Norcross, GA, USA) Tristar 1I 3020 device at —196 °C. The samples
were degassed sequentially for 1 h at 90 °C and 3 h at 200 °C. For silica-based catalysts, the
Brunauer-Emmett-Teller (BET) specific surface area was estimated from adsorption data in
the relative pressure range from 0.06 to 0.165 [98], while for alumina-based samples, it was
measured from 0.05 to 0.30 [68]. The total pore volume was calculated at a relative pressure
of 0.98 [99]. The Barrett, Joyner, and Halenda (BJH) technique was used to compute the
pore size distributions (PSDs) from nitrogen adsorption—desorption data [100].

Ultraviolet-visible (UV-Vis) diffuse reflectance (DR) spectra of the synthesized samples
were measured on a Perkin Elmer (Waltham, MA, USA) Lambda 650 UV-VIS spectropho-
tometer equipped with a Praying Mantis accessory from Harrick (Pleasantville, NY, USA).
Samples were scanned in the spectral range between 200 and 900 nm, with a slit set to
4 nm and a scanning speed of 140 nm min~!. Spectralon® was used as the reference for the
background correction.

The morphology, particle size of the derived materials, the presence of iron and
copper, and nanoparticles of oxides in the silica or alumina matrix were studied using
High-Resolution Scanning Transmission Electron Microscopy (HR-STEM). The analysis was
conducted on a Cs probe-corrected STEM (ARM 200 CF, JEOL Ltd., Tokyo, Japan) equipped
with a dual-EELS system (Quantum ER, Gatan, Pleasanton, CA, USA), and a Centurio
energy-dispersive X-ray spectroscopy (EDXS) system featuring a 100 mm? silicon drift
detector (JEOL Ltd., Tokyo, Japan). For TEM investigations, a drop of sample dispersion
diluted with ethanol was put on a nickel grid coated with lacey carbon and allowed to
dry at room temperature. Bright-field (BF) imaging and high-angle annular dark-field
(HAADF) imaging were the two observation methods employed in the STEM mode.

The Horiba (Kyoto, Japan) Fluorolog-QM 75-22-C spectrofluorometer, equipped with a
CW 75 W Xe light source, double monochromators and a cooled 920 PMT detector, was used
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to record the solid-state photoluminescence (PL) spectra of the materials as well as the PL
spectra of the aqueous suspensions of the analyzed materials at the excitation wavelengths
of 240 nm and 450 nm (excitation and emission slits set to 8 nm, step size 0.5 nm, integration
1's, ranges 260-600 nm and 470-720 nm). The fluorescence lifetime measurements of the
analyzed materials were performed with the same device using time-correlated single
photon counting (TCSPC) with a DeltaDiode 495 nm laser light as pulsed excitation source.
For the TCSPC measurements, a picosecond photon detector (Horiba, model PPD 850) was
used instead of the PMT detector. A Ludox SM-30 solution of colloidal silica was used as a
reference to determine the instrument response function (IRF), which was used to calculate
the lifetimes of the charge carriers with the FelixFL spectroscopy software (Horiba, version
1.0.48.0). The Ludox solution is ideally suited for this purpose due to its fast light scattering
and negligible fluorescence, ensuring accurate measurement of the system’s response over
time. Based on the measured instrument response function, the temporal resolution of
the applied TCSPC configuration (including the pulsed light source, detector, and timing
electronics) allows reliable measurement of fluorescence lifetimes greater than 18 ps.

An Adani (Minsk, Belarus) CMS 8400 EPR spectrometer was used to acquire solid-
state CW X-band electron paramagnetic resonance (EPR) spectra at room temperature. A
quartz sample tube was filled with powder samples, which were then put into the EPR
spectrometer (9.4 MHz microwave frequency). Measurements at room temperature were
centered at 338.00 mT (sweep width 450 mT), with a mod. amplitude of 450 uT and a
power attenuation of 15 dB (gain value of 3 x 103). An average value for one spectrum
was obtained by taking three consecutive measurements for 360 s. EPR spectra were also
collected by illuminating the examined samples using visible light (Schott, Mainz, Germany,
model KL 2500 LED) via the EPR spectrometer’s side channel.

The presence of residual and leached metals, including Cu and Fe, was analyzed in
the aqueous samples using inductively coupled plasma-optical emission spectrometry
(ICP-OES, Varian (Palo Alto, CA, USA), model 715-ES).

3.4. Catalytic Evaluation of Hydroxyl Radical Generation Using Coumarin as a Probe

The coumarin test is commonly used to detect the generation of *OH radicals during
Fenton-like reactions by the synthesized catalysts. In this study, coumarin serves both
as a model organic pollutant and as a probe molecule, reacting with *OH radicals to
produce a fluorescent product, 7-hydroxycoumarin (7-OHC). The photoluminescence
method was employed to quantify *OH radical formation in the presence of the catalysts.
The reaction parameters, including catalyst dose, coumarin concentration, stirring rate,
H,O; concentration, and pH (~6), were chosen based on previously reported optimized
conditions to ensure efficient and reproducible *OH radical generation [101]. A glass
double-wall batch slurry reactor from Lenz Laborglas was used for the measurements
(Figure 510). A mass of 20 mg of a photocatalyst was suspended in 100 mL of an aqueous
solution containing 1.4 mM coumarin (COUM, 98%, p.a., Alfa Aesar, Ward Hill, MA, USA)
that was thermostated (F25/ME, Julabo, Seelbach, Germany) at T = 25 °C. After stirring
the suspension at 300 rpm for 20 min in the dark, 30% HyO; (cp = 20 mM) was added,
and a visible-light lamp (Schott, model KL 2500 LED; an emission spectrum is shown in
Figure S11) was used to illuminate the mixture. The intensity of visible-light illumination
was quantified using a THORLABS (Newton, NJ, USA) PM400 optical power meter. For
the catalytic experiments, the 450 nm LED provided 41 mW cm~2, measured at the point
where the incident light enters the reaction chamber and reaches the reaction solution. For
the in situ EPR measurements, the illumination intensity was 2.3 mW cm ™2, calculated
according to the effective beam area restricted by the cavity aperture.
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Aqueous-phase samples were taken out at various points during the illumination time
and filtered immediately using a 0.2 um membrane filter (regenerated cellulose). After that,
the samples were examined using a UV /Vis photoluminescence spectrometer (Perkin Elmer,
model LS 55) using a 10 x 10 mm quartz cuvette to record the photoluminescence signal of
the produced 7-OHC. The scanning speed was 200 nm/min, and the wavelength of the
excitation light was set to 338 nm. The photoluminescence intensity generated by 7-OHC
was measured at around A =450 nm [102]. As PL intensity does not directly correspond to
*OH radical concentration, we quantified the formation of 7-OHC using a calibration curve
obtained from standards measured under identical conditions (I = 1.42 + 66.46 x [7-OHC],
R? = 0.99993). This allowed accurate extraction of initial reaction rates from the linear
portion of the kinetics and normalization per gram of catalyst and per mole of Cu, enabling
meaningful comparison of intrinsic activities across samples.

4. Conclusions

Cu-Fe bimetallic catalysts supported on silica and y-alumina were successfully syn-
thesized via direct synthesis and an ammonium dawsonite-based route followed by wet
impregnation. The results clearly demonstrate that support chemistry plays a decisive
role in governing metal dispersion, metal-support interactions, and catalytic stability.
v-alumina promotes highly dispersed Cu and Fe species and stronger metal-support
interactions, whereas silica-supported catalysts tend to form CuO aggregates at higher
Cu loadings.

Photoluminescence and TCSPC analyses revealed that charge—carrier dynamics and
surface-defect states critically determine photo-Fenton performance. In particular, iron
was found to exhibit a dual role: low Fe loading facilitates charge separation and enhances
photo-Fenton activity, while higher Fe content accelerates electron-hole recombination and
suppresses visible-light-driven activity. Catalytic tests using coumarin as a probe molecule
confirmed that both the Fe/Cu ratio and the nature of the support govern hydroxyl radical
generation and overall catalytic efficiency.

All catalysts exhibited excellent structural stability, with negligible Cu and Fe leaching
well below regulatory limits, confirming their suitability for environmentally benign water
treatment applications. Overall, this work provides clear design guidelines for efficient
heterogeneous photo-Fenton catalysts, emphasizing the need for precise control of metal
composition and strong metal-support interactions. While limited photon efficiency under
visible-light irradiation remains a challenge, future strategies such as plasmonic coupling
or co-catalyst integration may further enhance light utilization.

In summary, the present study offers new mechanistic insights into the interplay be-
tween support properties, metal dispersion, and redox synergy, contributing to the rational
design of robust and efficient photo-Fenton catalysts for sustainable water treatment.
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