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Dual-mode catalytic degradation of diclofenac by
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insights from dark and UV-A activationy
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Diclofenac sodium (DCF), a widely used nonsteroidal anti-inflammatory drug, is a persistent
pharmaceutical contaminant that resists removal by conventional wastewater treatment. In this study,
CuO-madified TiO,/MnO, composites were developed as multifunctional catalysts for DCF degradation
under both dark and UV-A conditions. The materials exhibited dual-mode reactivity through distinct
mechanisms: (i) non-radical oxidative degradation under dark conditions, and (i) radical-mediated
photocatalysis under UV-A irradiation. Under illumination, the formation of an interfacial p-n-p
heterojunction between CuO, MnQO,, and TiO, generated internal electric fields that directed charge
carrier migration—electrons flowing from the conduction band of TiO, toward CuO and MnO, domains,
and holes in the reverse direction. This spatial charge separation suppressed recombination and sustained
redox cycling between Cu?*/Cu* and Mn**/Mn**, promoting continuous ROS generation. In the absence
of light, DCF degradation proceeded via non-radical oxidative pathways involving surface-bound reactive
oxygen species and redox-active metal centers. Surface-sensitive XPS and hydroxyl quantification (TOTH)
revealed elevated Mn**/Mn?* ratios, enriched surface-associated lattice oxygen, and high -OH group
densities for the most active catalysts. These features collectively facilitated pollutant adsorption, oxygen
activation, and sustained interfacial electron transfer. LC-MS/MS analysis confirmed a consistent
degradation pathway across both regimes, involving hydroxylation, decarboxylation, and dechlorination of
DCF. The Cu/5Ti5Mn-HT and Cu/8Ti2Mn-HT catalysts achieved exceptional dark-phase degradation
efficiencies (~99.8% and ~99.4%, respectively), while Cu/TiO, exhibited the highest UV-A photocatalytic
performance (~42%). These findings demonstrate the synergistic advantage of redox-active metal oxides
and interfacial design, establishing CuO-MnO,-TiO, composites as promising candidates for advanced
pharmaceutical pollutant remediation.
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Diclofenac sodium (DCF), a widely prescribed non-steroidal
anti-inflammatory ~ drug  (NSAID), is a  persistent
environmental pollutant due to its chemical stability and
resistance to conventional wastewater treatment processes. Its
widespread occurrence in aquatic ecosystems poses
significant environmental and health risks, including
endocrine disruption and toxicity to aquatic organisms and
terrestrial mammals." The continuous discharge of DCF and

t Electronic supplementary information (ESI) available: The ESI provides
comprehensive experimental details, including the preparation of CuO-modified
TiO,/MnO, composites, catalyst characterization (XRD, XPS, H,-TPR), and in-
depth analysis of the degradation mechanisms of diclofenac. Fragmentation
pathways and corresponding kinetic data are summarized in tables, along with
mass spectra confirming the identification of intermediates and products,
further supporting the catalytic performance discussed in the main manuscript.
See DOI: https://doi.org/10.1039/d4cy01400f
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similar pharmaceuticals into the environment necessitates
the development of innovative and efficient methods for their
removal, particularly under conditions relevant to real-world
wastewater treatment.

Traditional wastewater treatment plants, which rely
predominantly on biological degradation and adsorption on
activated carbon, often fail to achieve complete removal of

This journal is © The Royal Society of Chemistry 2025
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pharmaceuticals such as DCF, leaving residual concentrations
that persist in effluent streams.”

Advanced oxidation processes (AOPs), which employ
reactive oxygen species (ROS) for the oxidative degradation of
recalcitrant organic pollutants, have shown considerable
promise as an alternative. AOPs exploit the high reactivity of
species such as hydroxyl radicals (-OH), which are capable of
non-selective attack on organic compounds, leading to their
mineralization or transformation into less harmful
products.?

Among the catalysts utilized in AOPs, titanium dioxide
(TiO,) and manganese oxides (MnO,) are particularly
interesting due to their unique photochemical and redox
properties.

TiO, has long been established as a highly effective
photocatalyst. Upon UV irradiation, it generates electron-hole
pairs, forming ROS, including -OH, which can degrade a
broad spectrum of organic pollutants.*?

However, its activity is limited in the absence of light,
restricting its applicability under dark conditions. In
contrast, MnO, offers complementary advantages, leveraging
its ability to transition between Mn*', Mn*', and Mn*"
oxidation states. This redox flexibility facilitates electron
transfer processes and enables MnO, to catalytically degrade
pollutants in both light and dark environments.®

These properties are strongly dependent on the surface
characteristics of MnO,, including the density of redox-active
sites, the presence of oxygen vacancies, and the availability of
lattice oxygen species.”

Building on the established redox capabilities of MnO,,
our prior research demonstrated their exceptional catalytic
activity in the hydrolysis of bis(4-nitrophenyl)phosphate
(BNPP), a model substrate mimicking phosphodiester bonds,
and in the catalytic decomposition of methanol. This study
highlighted the critical role of surface oxygen species (lattice
oxygen and adsorbed species) and the interplay of Mn
oxidation states in driving these reactions.®

Furthermore, the incorporation of CuO into
heterogeneous catalysts’ and photocatalysts’® has been
reported to enhance the generation of ROS under both dark
and illuminated conditions, owing to the presence of the
redox-active Cu*/Cu” couple, which facilitates electron
transfer processes and promotes interfacial redox reactions.

While binary oxide-based photocatalysts, such as CuO/
TiO, and CuO/MnQO,, have been extensively studied for the
degradation of organic pollutants under both illuminated
and dark  conditions,"*™*  tricomponent  systems
incorporating both Cu and Mn redox centers within a TiO,
matrix remain scarce and are predominantly investigated in
non-photocatalytic applications, such as low-temperature
NH;-SCR of NO, >™7 and CO-assisted NO, reduction.*®

In this work, we address the existing gap by designing
CuO-modified TiO,/MnO, composites capable of degrading
diclofenac sodium (DCF) under both dark and UV-A
conditions. The catalyst integrates redox-active Cu**/Cu* and
Mn**/Mn*" couples, oxygen vacancies, and interfacial p-n-
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type junctions, enabling two distinct yet complementary
reaction pathways. In the absence of light, degradation
proceeds via a non-radical oxidative mechanism mediated by
interfacial redox cycling and sustained electron transfer.
Under UV-A irradiation, an internal electric field formed
across the CuO-MnO,-TiO, p-n-p heterojunction facilitates
directional charge migration, promoting efficient separation
of photogenerated carriers and continuous ROS formation.

Unlike previous studies focused exclusively on light-
induced radical pathways, our approach combines both
light-independent and photoactivated mechanisms within a
single multifunctional material. Mechanistic validation via
LC-MS/MS analysis, scavenger inhibition experiments, and
radical identification confirms the presence of synergistic
pathways responsible for DCF degradation. This dual-mode
design expands the functional performance window of
oxide-based catalysts and offers a robust strategy for treating
persistent contaminants such as diclofenac in aqueous
environments.

Experimental
Catalyst preparation

CuO-modified TiO,/MnO, composites were synthesized using
a CTAB-assisted (N-hexadecyl-N,N,N-trimethylammonium
bromide) method with minor modifications, followed by
incipient wetness impregnation (IWI) and hydrothermal
treatment (HT).'?' Detailed experimental procedures are
provided in ESIf (section S1).

Catalyst characterization

Comprehensive catalyst characterization involved advanced
techniques to detail textural properties, including Brunauer-
Emmett-Teller (BET) surface area analysis and Barrett-
Joyner-Halenda (BJH) pore size distribution. X-ray powder
diffraction (XRPD) provided phase identification and
crystallinity, while Raman and Fourier-transform infrared
spectroscopy (FTIR) offered insights into structural features
and vibrational modes. These techniques, along with
hydrogen temperature-programmed reduction (H,-TPR) and
X-ray photoelectron spectroscopy (XPS), were crucial in
determining the catalysts' redox behaviors and elemental
compositions, providing a robust understanding of their
catalytic functionality. The potentiometric titration curves
were used to calculate the pH point of zero charge (pHPZC),
which is crucial for understanding the adsorption behavior
of diclofenac on the catalyst surfaces under varying pH
conditions. Additionally, the total titratable hydroxyl groups
(TOTH) were evaluated, which provides insights into the

surface acidity and basicity of the catalysts, directly
influencing their catalytic performance in diclofenac
degradation. Detailed experimental procedures,

instrumentation, and additional conditions are provided in
ESI} sections S2 and S6, respectively.

Catal. Sci. Technol.,, 2025, 15, 4438-4456 | 4439
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Experimental procedure for catalytic/photocatalytic
degradation of DCF

In a typical catalytic/photocatalytic degradation experiment of
DCF, 20 mg of catalyst was dispersed in 70 mL of 4 mg L™"
DCF solution. The reaction was carried out in a custom
photoreactor with top illumination from three UV-A lamps
(365 nm, 3.25 mW cm ). The solution was equilibrated in
the dark for 60 minutes, followed by 180 minutes of UV-A
exposure. The pH of the reaction suspensions was
maintained as-is during the experiments without any
adjustments. The pH effect was tested at pH 4, 7, and 9 using
acetate and Tris buffers. At specified intervals (5, 10, 20, 30,
50, and 60 minutes during the dark phase; and 70, 90, 120,
180, and 240 minutes during UV-A irradiation), 1 mL samples
were taken, centrifuged (150 s, 18 000 rpm), and analyzed for
residual DCF and degradation by-products via high-
performance liquid chromatography (see section S3 in the
ESIt). The main experiments were performed in triplicate,
with standard deviations shown as error bars.

Catalyst recycling procedure

To evaluate the reusability of the catalyst, recycling experiments
were performed in four degradation cycles. After each
experiment, the reaction mixture was transferred into 50 mL
centrifuge tubes and centrifuged at 10000 rpm for 10 minutes
to recover the catalyst. The separated solid was subsequently
washed three times with deionized water to remove any
adsorbed reaction intermediates or by-products, with each
washing step followed by centrifugation under identical
conditions. The wet catalyst was not dried between cycles but
was immediately redispersed in deionized water using ultrasonic
agitation to ensure uniform dispersion. All degradation
experiments during recycling were conducted under the same
conditions as the initial test, including catalyst loading, DCF
concentration, volume, and irradiation parameters, to ensure a
reliable comparison of catalytic performance.

Scavenger experiments

The role of individual reactive species in the degradation
mechanism was investigated through a series of scavenger
experiments conducted under both dark and UV-A illuminated
conditions. Prior to the start of the reaction, the appropriate
scavenger was added directly into the reaction mixture
containing 20 mg of catalyst dispersed in 70 mL of a 4 mg L™
DCF solution. The mixture was then subjected to the standard
procedure: a 60-minute equilibration period in the dark followed
by 180 minutes of UV-A illumination (365 nm, 3.25 mW cm2).
The following scavengers were applied at a concentration of 1.0
mmol L™ disodium ethylenediaminetetraacetate (EDTA-2Na)
for hole (h") quenching, isopropanol (IPA) as a scavenger of
hydroxyl radicals (-OH), silver nitrate (AgNO;) for electron (e")
trapping, and p-benzoquinone (p-BQ) to scavenge superoxide
radicals (O,:"). Additionally, terephthalic acid (TA) was employed
as a selective probe for -OH detection®* at a concentration of 4
mg L7, equivalent to that of DCF. The formation of
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2-hydroxyterephthalic acid (2-OHTA), the fluorescent product of
TA oxidation by -OH radicals, was monitored by high-
performance liquid chromatography (HPLC), as detailed in
section S3 of the ESLj All scavenger tests were conducted in
parallel with the reference experiments and evaluated
comparatively to assess the contribution of each reactive species
to the overall degradation process.

Results and discussion
Materials characterization

In the CuO-modified TiO,/MnO, composites, various phases
were identified: o-Mn,O; (bixbyite, PDF# 41-1442, space
group P2,/c), Cu;;Mn;;0, (cubic spinel-like copper-
manganese oxide, PDF# 70-0260, space group C2/m), Mn;Og
also known as mixed-valence manganese oxide (PDF# 39-
1218, space group C2/m), comprising both Mn*" and Mn*"
oxidation states, and Tiy,oMn,;0, (titanium manganese
oxide, PDF# 04-022-6533, space group I41/amd). In contrast,
the CuO-modified titanium oxide (Cu/TiO,-HT) exhibited the
anatase phase of TiO, (PDF# 00-021-1272, space group 41/
amd) and monoclinic CuO (tenorite, PDF# 00-048-1548, space
group C2/c). Similarly, Cu/MnO,-HT consisted of Bixbyite,
Cuy sMn, 50,4, and Mn;5Og.

The formation of the body-centered cubic bixbyite phase
(a-Mn,0;) indicates the presence of Mn®" ions in [MnOg]
octahedral sites, which enhances catalytic activity.*
Modification with CuO led to the formation of a cubic spinel-
type Cu; sMn; 0, phase, indicating a strong interaction
between CuO and MnO, and the development of Cu-O-Mn
linkages. This spinel structure is considered the primary
active phase in CuO-modified TiO,/MnO, -catalysts, as it
enables the redox cycle Cu®>" + Mn*" — Cu" + Mn*’, which
facilitates catalytic oxidation reactions.>***

The formation of titanium manganese oxides (TipoMng4-
0,) in the composites suggests Mn substitution for Ti in the
anatase structure, consistent with prior studies.>® The Mn;Oy
phase, which has a layered birnessite-type
consisting of [Mn;*"0g]*” layers with vacant cationic sites
surrounded by Mn>" cations and oxygen anions, was also

structure

identified.?”*®
In Cu/TiO,-HT, anatase TiO, and tenorite (CuO)
combination  significantly  influences  catalytic  and

photocatalytic performance.>® Tenorite provides additional

active sites, facilitating redox reactions, and its interaction
with anatase creates p-n heterojunctions, enhancing charge
separation and transfer.>°

Fig. S1t presents the results of the quantitative phase
analysis (QPA). Cu, sMn, 50, content was similar across all
manganese-containing samples (~9-12%), indicating good
interaction between CuO and MnO,. The highest proportion
of TipoMny 10, (~77.5%) was found in the Cu/8Ti2Mn-HT
composite, which also exhibited the lowest MnsOg content
(~9%).

The phase composition and crystal parameters obtained
from XRD via Rietveld refinement and the Scherrer method

This journal is © The Royal Society of Chemistry 2025
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are summarized in Table S3.f The lattice parameters for
various phases varied between samples, influenced by
modification with CuO and differing Ti/Mn molar ratios.

For the o-Mn,O; (bixbyite) phase, the lattice parameter
“@” varied slightly from 9.4078 A to 9.4134 A, depending
on Cu incorporation and Ti/Mn ratio variations. In
contrast, the Cu;sMn; 0, phase showed minimal lattice
parameter changes (“a” ranged from 8.2855 A to 8.2874
A), indicating a stable structure regardless of synthesis
conditions. Mn;Og displayed more significant fluctuations,
with “@” ranging from 10.3640 A to 10.3882 A, “b” from
5.6757 A to 5.7416 A, and “c” from 4.8350 A to 4.8825 A,
reflecting structural adjustments due to varying Mn
content. The Ti, oMn,;0, phase exhibited lattice parameter
variations, with “a” from 3.7860 A to 3.7922 A and “c”
from 9.3059 A to 9.4546 A, indicating Mn incorporation's
effect on the TiO, lattice.

Modification with CuO impacted lattice parameters due
to the larger Cu®" ions (ionic radius ~0.73 A),*' compared
to Ti*" (ionic radius ~0.605 A)*> and Mn*' (ionic radius
~0.53 A),*® causing lattice expansion. Higher Mn content
caused more significant structural changes, which in turn
may affect the catalytic and photocatalytic properties of the
composites.

The N,-physisorption experiment determined the
catalysts' surface area and pore size distribution. Fig. 2a
displays the N, adsorption-desorption isotherms of as-
prepared catalysts. For most samples, the isotherms
demonstrate a combination of type II and type IV
behaviors, indicating macroporosity and mesoporosity.** At
lower relative pressures, the gradual increase in adsorption
indicates multilayer adsorption on the external surface and
larger pores, typical for type II isotherms. As the relative
pressure increases, the isotherms begin to exhibit the
hallmark of type IV behavior, characterized by capillary
condensation within mesopores, particularly in the Cu/
8Ti2Mn-HT and Cu/5Ti5Mn-HT samples, which point to
significant mesoporous structures.

H3 hysteresis loops in these samples suggest the
prevalence of slit-shaped pores. This type of hysteresis is
typically associated with materials that have plate-like or
layered particle structures, contributing to the formation of
mesopores.*> However, the Cu/MnO,-HT sample exhibits a
much smaller adsorption capacity, especially at higher P/P,,
indicating a lower degree of mesoporosity and a more
significant proportion of non-porous or macroporous
surfaces, as evidenced by its low specific surface area and
pore volume (Table 1).

The pore size distribution (PSD) curves, expressed as
differential pore volume (dV/d(log d)) versus logarithmic pore
diameter (Fig. 2b), provide valuable insight into the
mesostructural organization of the CuO-modified TiO,-
MnO, catalysts.®® This representation enhances the
resolution of features within the mesoporous range and
enables a more accurate comparison of pore architectures
across samples with varying compositions.

This journal is © The Royal Society of Chemistry 2025
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Table 1 Specific surface area (SSA) and total pore volume (Vjore) of the
prepared catalysts

Sample SSA, m* ¢! Viores cm® g
Cu/TiO,-HT 54 0.10
Cu/8Ti2Mn-HT 77 0.31
Cu/5Ti5Mn-HT 82 0.26
Cu/2Ti8SMn-HT 47 0.19
Cu/MnO,-HT 19 0.04

The Cu/TiO,-HT sample exhibits a narrow, unimodal
distribution centered at 4.6 nm, consistent with relatively
uniform mesopores formed through the aggregation of TiO,
nanoparticles. In contrast, the Cu/MnO,-HT material shows a
PSD maximum at approximately 3 nm, suggesting smaller
mesopores resulting from densely packed manganese oxide
domains with limited interstitial voids.

Compositional modification with both Ti and Mn leads to
significantly broader PSD profiles. The Cu/5Ti5Mn-HT
sample presents a single peak at ~10.9 nm, reflecting the
formation of more open mesopores within a mixed oxide
matrix. Notably, both Cu/8Ti2Mn-HT and Cu/2Ti8Mn-HT
samples show bimodal distributions, with primary peaks
near ~10.9 nm and secondary maxima at 15.9 nm and 16.1
nm, respectively. These bimodal profiles indicate the
presence of hierarchical porosity, likely arising from the
spatial heterogeneity of mixed oxide phases and variations in
particle aggregation during synthesis.

The emergence of larger mesopores in Ti-Mn-containing
systems suggests increased interparticle spacing and a less
compact textural framework, which is beneficial for mass
transport and reactant accessibility. The ability to tailor
mesoporosity through compositional tuning is therefore a
key structural feature contributing to the catalytic efficiency
of these materials, which is consistent with the improved
catalytic and photocatalytic degradation efficiencies observed
in Fig. 9a.

X-ray photoelectron spectroscopy (XPS) was employed to
evaluate the surface oxidation states and oxygen species in
the copper oxide-modified titania-manganese oxide catalysts.
High-resolution spectra for Cu 2p, Mn 2p3,, Ti 2p, and O 1s
are presented in Fig. S2-S5,f with fitted surface compositions
summarized in Table 2.

The Cu 2p spectra (Fig. S21) display the expected spin-
orbit doublets, with Cu 2p;, peaks between 933.2-934.2 eV
and Cu 2p;,, peaks at 952.5-954.3 eV, characteristic of Cu*"
in oxidized environments such as Cu0.*”

Following the method of Raja et al.,'” the Cu 2ps, peak
was treated as a single feature without deconvolution. The
presence of shake-up satellites at 942.8-943.5 eV further
confirms the dominant Cu®' character, while the absence of
features around 932.0 eV and lack of satellites rule out a
significant Cu® contribution.*® Although the Cu LMM Auger
signal provides valuable insight into oxidation state,®® it
overlaps with Ti 2p under Al Ka excitation and was not
included due to the strong Ti matrix signal.

Catal. Sci. Technol, 2025, 15, 4438-4456 | 4441
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Table 2 Surface oxidation states and oxygen content of CuO-TiO,/MnO, composite catalysts based on XPS curve fitting

Samples Mn>* (%) Mn** (%) Mn** (%) Mn**/Mn** Olatt-2/Ototal
Cu/TiO,-HT 0 0 0 0 0.77
Cu/MnO,-HT 17.2 16.2 36.7 1.26 0.82
Cu/2Ti8Mn-HT 15.4 58.3 26.3 2.22 0.83
Cu/5Ti5Mn-HT 13.4 51.1 35.5 1.44 0.84
Cu/8Ti2Mn-HT 23.1 49.7 27.3 1.82 0.93

The Mn 2p;,, spectra (Fig. S31) were deconvoluted into
components assigned to Mn>" (639.8-640.7 eV), Mn>" (641.6-
642.3 eV), and Mn*" (643.4-643.9 eV), in agreement with
values reported for mixed-valence manganese oxides.’”"" The
peak assignment follows the approach adopted by Raja
et al.,"”” while the fitting parameters (binding energies and
FWHM) were determined empirically based on the
experimental spectra. Quantification of the oxidation states
was performed using the integrated areas of the fitted peaks.
The resulting analysis revealed that Mn®" and Mn*" are the
dominant surface species, while Mn*" (13.4-23.1%) likely
arises from partial surface reduction during synthesis or Cu-
induced redox shifts.*>**

The calculated Mn*"/Mn*" ratio increases with Ti content
(from 1.26 in Cu/MnO,-HT to 2.22 in Cu/2Ti8Mn-HT),
suggesting that Ti incorporation promotes Mn*" stabilization,
potentially wvia structural distortion, changes in local
coordination, or electronic interaction with the TiO, matrix.**
However, it is important to note that quantification of Mn
oxidation states based solely on the Mn 2p;, region is
intrinsically limited due to significant peak overlap, multiplet
splitting, and final-state screening effects.*> Although Mn
2pss, provides the main basis for oxidation state evaluation,
we also examined the Mn 3s multiplet splitting, which can
offer complementary insight into average Mn oxidation
states. However, the signal was significantly attenuated in all
samples due to the inherently low relative sensitivity of Mn
3s (approximately 20x lower than Mn 2p), resulting in
insufficient spectral resolution. As such, Mn 3s data were
excluded from the final analysis, and this limitation is now
explicitly noted.

Accordingly, the Mn**/Mn"" ratios presented in Table 2
are interpreted semi-quantitatively and are used solely to
track relative compositional trends across the sample series,
rather than to establish absolute oxidation state
distributions. This clarification is explicitly stated to ensure
appropriate interpretation of the data.

A systematic shift in Mn 2p binding energies was also
observed across the series. Compared to the Cu/MnO,-HT
reference (Mn®" at 641.6 eV), Mn®" peaks in Ti-containing
catalysts appeared progressively shifted to higher energies—
641.8 eV in Cu/2Ti8Mn-HT, 642.1 eV in Cu/5Ti5Mn-HT, and
642.3 eV in Cu/8Ti2Mn-HT. Similar shifts were observed for
Mn>" and Mn"" species. These positive shifts may reflect
increased Mn-O-Ti coupling, localized electron withdrawal,
enhanced final-state screening, or charge redistribution at
the oxide interface.*®"”

4442 | Catal Sci. Technol, 2025, 15, 4438-4456

The Ti 2p spectra (Fig. S41) confirmed Ti*" in Cu/TiO,-HT
with Ti 2p;, and Ti 2p,, peaks at 459.5 and 465.0 €V,
respectively.”® In the Mn-containing composites, Ti 2p;/, was
shifted to lower BE (457.9-458.4 eV), indicative of partial Ti*"
— Ti*" reduction, likely caused by oxygen vacancy formation
and redox interaction with Cu or Mn.

Importantly, no asymmetry or low-BE shoulder was
observed in the Ti 2p;/, peaks of the Mn-containing samples.
Therefore, the spectra were not deconvoluted into separate
Ti*" and Ti*" components.

The presence of Ti** was inferred from the systematic negative
shifts observed in the Ti 2p binding energies, which are
commonly associated with  substoichiometric  titanium
environments and the formation of oxygen vacancies. This
interpretation aligns with the findings of Wang et al,* who
demonstrated that Ti*" species formed via vacancy generation
exhibit distinctly lower Ti 2p binding energies due to local
electronic redistribution and final-state effects. In our system,
these features likely reflect interfacial Mn-O-Ti and Cu-O-Ti
interactions, reinforcing the role of TiO, as a redox-active support.

The introduction of Cu into the Ti-Mn composite matrix
appears to influence the manganese redox state, with an
elevated Mn**/Mn"" ratio observed in the ternary systems.
This is consistent with a redox interplay involving equilibria
such as:*°

Mn*" + Cu®*" = Mn*" + Cu

Such interactions may help stabilize higher-valent Mn
species by facilitating the faster reduction of Cu®" to Cu",
thereby mitigating Mn** over-reduction and preserving redox
functionality.

The O 1s XPS spectra (Fig. S5t) of the CuO-TiO,-MnO,
catalysts were deconvoluted into three distinct components
located at approximately 527.4-528.8 eV, 529.4-530.8 eV, and
531.6-532.9 eV. The lowest binding energy component is
attributed to lattice oxygen species (Oyaeq), corresponding to
oxygen in well-ordered bulk oxide environments. The
intermediate peak (Oju) is ascribed to surface-associated
lattice oxygen, which is generally more labile and redox-active
due to under-coordination or proximity to oxygen vacancies.
The high binding energy signal is assigned to surface-
adsorbed oxygen species (O,gs), including hydroxyl groups,
chemisorbed oxygen, and possibly trace amounts of
molecular water or carbonates.

This three-component interpretation is consistent with
prior studies on FeO, and perovskite-type La;_,Ca,CoO;

This journal is © The Royal Society of Chemistry 2025
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systems, where O 1s signals at <529 eV are linked to lattice
oxygen (0>7), while peaks near 530.6-531.6 €V are attributed
to adsorbed oxygen forms such as 0,>", 07, and OH™.>"*?

Systematic shifts in binding energy across the sample
series reflect changes in surface composition, defect density,
and local electronic structure. For example, the Oj,.; signal
shifts from 528.8 eV in Cu/TiO,-HT to 527.4 eV in Cu/MnO,-
HT, indicating increased lattice disorder and higher oxygen
vacancy content in Mn-rich samples.”?

To assess the relative abundance of redox-accessible lattice
oxygen, the surface fraction of Oy, was evaluated using the
empirical ratio Oiaee.2/Ocotal, Where Otoral = Opage-r + Olagez +
O.4s- As summarized in Table 2, this ratio increases
progressively across the catalyst series, reaching a maximum
value of 0.93 for Cu/8Ti2Mn-HT. This suggests a greater
availability of structurally labile oxygen species at the catalyst
surface. The potential role of these species in facilitating
non-radical oxidation pathways under dark conditions is
further elaborated in the discussion on mechanistic insights
into catalytic and photocatalytic oxidation of DCF.

The reduction properties were further investigated using
hydrogen temperature-programmed reduction (H,-TPR), with
the interpretation provided in the ESI{ in section S4. The
deconvoluted TPR profiles are presented in Fig. S6.f The H,-
TPR analysis of CuO-modified TiO,/MnO, catalysts revealed
distinct stepwise reduction behaviors, with lower reduction
temperatures for Cu/8Ti2Mn-HT and Cu/5Ti5Mn-HT,
suggesting strong interactions between CuO and the TiO,/
MnO, support, which correlate with enhanced catalytic and
photocatalytic activity due to the optimized redox properties
of both Cu and Mn species.

The catalysts were characterized for morphology and
elemental  distribution using transmission electron
microscopy (TEM) and high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
coupled with an energy dispersive X-ray spectroscopy (EDS)
detector. Fig. 3-7 present TEM, HAADF-STEM, and EDS
images of the catalysts in their as-prepared states.

Fig. 3a and b illustrates the TEM micrograph and EDS
spectrum for CuO-modified TiO, (Cu/TiO,-HT). The TEM
micrograph (Fig. 3a) reveals non-uniformly shaped TiO,
nanoparticles. The HAADF-STEM image (Fig. 3c) and EDS
elemental maps (Fig. 3d and e), including the relative atomic
number of elements, indicate uneven dispersion of Cu
particles within TiO, aggregates, averaging 12.3 at%. In
contrast, CuO-modified MnO, catalyst (Cu/MnO,-HT) exhibits
irregularly shaped aggregates with randomly dispersed Cu
particles, as shown in Fig. 4a and e. The HAADF-STEM image
(Fig. 4c), EDS elemental maps (Fig. 4d and e), and atomic
number insert reveal an average Cu content of 2.7 at%.

Fig. 5a and b presents the TEM micrograph and EDS
spectrum for CuO-modified mixed TiO,/MnO, catalyst with a
Ti:Mn ratio 2:8 (Cu/2Ti8Mn-HT). The TEM micrograph
(Fig. 5a) shows irregularly shaped aggregates with TiO,
nanoparticles distributed homogeneously on MnO,. surfaces.
The HAADF-STEM image (Fig. 5c), EDS elemental maps
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(Fig. 5d and e), and atomic number insert demonstrate an
even distribution of Cu particles on the MnO, surface,
averaging 4.9 at%. Similarly, Fig. 6a and b depict the TEM
micrograph and EDS spectrum for CuO-modified mixed TiO,/
MnO, catalyst with a Ti:Mn ratio of 1:1 (Cu/5Ti5Mn-HT),
showing irregularly shaped aggregates with uneven
distribution of Cu particles on MnO, surfaces. TiO,
nanoparticles are more regularly distributed. The average Cu
content was 8 at%.

Vibrational spectroscopies

Raman and FTIR spectroscopies were employed to elucidate
the phase composition, structural integrity, and local
bonding environments within CuO-modified TiO,/MnO,
composites.

The Raman spectra (Fig. 8a) primarily probe the long-
range order and symmetry of the TiO, lattice. In Cu/TiO,-HT,
well-defined bands at 147, 200, 390, 509, and 639 cm™* are
consistent with the Eg(1), Eg(2), B1g(1), Alg + B1g(2), and
Eg(3) modes of crystalline anatase, respectively. These bands
originate from symmetric and asymmetric stretching and
bending vibrations of the O-Ti-O framework,’*** confirming
the preservation of a highly ordered anatase phase. Upon Mn
incorporation, these modes become increasingly attenuated
and broadened, indicating lattice distortion, diminished
crystallinity, or the formation of local defects. Notably, the
Ti-O stretching band around 600-640 cm™" remains evident
across all samples, with spectral deconvolution in Cu/
8Ti2Mn-HT revealing a bimodal distribution attributable to
differing coordination geometries of oxygen species at surface
and bulk sites.”®

FTIR spectroscopy (Fig. 8b) complements the Raman data
by probing short-range interactions and surface-bound
functionalities. The spectra exhibit three intense bands in
the 2800-3000 cm™' region, assigned to C-H stretching
modes: symmetric methylene (v, CH,, ~2850 cm '),
asymmetric methylene (v,s CH,, ~2925 cm™'), and
asymmetric methyl (v,; CHj, ~2955-2960 cm™') vibrations.*”
These signals are indicative of residual organic species, likely
originating from the CTAB surfactant or physisorbed
hydrocarbons. The fingerprint region (500-800 cm ') reveals
characteristic metal-oxygen stretching modes: O-Mn-O
(~558 ecm™),*® Cu-O (~596 cm™),>® and Ti-O (~722 ecm™),*°
consistent with the formation of composite oxide linkages.
Variations in peak intensity and position across the series
reflect differences in the extent of Mn incorporation and the
resulting modifications to the local bonding environment.

Infrared bands located near 1378, 1465, and 1594 cm '
are attributed to residual nitrate and carbonate species,
retained from incomplete precursor decomposition.®*** A
distinct absorption near 1730 ¢cm™ corresponds to C=O
stretching vibrations, consistent with carboxylic or other
carbonyl-containing functionalities, possibly originating from
organic byproducts of synthesis.®?
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Fig. 1 XRPD patterns of synthesized CuO-modified TiO,, MnO,, and
their composites.

The combined spectroscopic evidence confirms that
Mn doping perturbs the anatase lattice, reduces
crystallinity, and introduces surface heterogeneities. The
emergence of Mn-O and Cu-O vibrational signatures,
together with the attenuation of TiO, phonon modes and
the presence of surface-bound organic and inorganic
residues, underscores the structural complexity of the
composite catalysts. These findings corroborate XRD
analysis (Fig. 1) and highlight the role of composition
and synthetic history in determining local structure and
surface chemistry.

In contrast, the Cu-doped mixed catalyst with a higher
TiO, proportion (Cu/8Ti2Mn-HT) forms large aggregates
with a bounded structure (Fig. 7a), where TiO,
nanoparticles are uniformly distributed. The average Cu
content was 7.2 at%.
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Catalytic performance in DCF degradation

The catalytic efficiency of CuO-modified TiO,/MnO,
composites was assessed under both dark and UV-A
conditions. Kinetic parameters, including dark-phase DCF
conversion (DCF.y, %), total (TC), and
concentrations of the main degradation product, 5-hydroxy-
diclofenac (5-OH-DCF), after 60 and 240 minutes, are
summarized in Table S4.F

Degradation rate constants (k) were calculated using a
pseudo-first-order model: [DCF], = [DCF], * e(*" where
[DCF]; and [DCF], represent the DCF concentrations at time ¢
and initially, respectively, and k denotes the pseudo-first-
order rate constant (min™").

As shown in Fig. 9a, all CuO-TiO,-MnO, catalysts
exhibited significant activity in both with
pronounced degradation occurring even in the dark (within
60 minutes), followed by enhanced removal under UV-A.
These effects are attributed to synergistic redox and
photoinduced processes occurring at the newly formed oxide
interfaces.

Dark-phase activity followed the order: Cu/8Ti2Mn-HT
(~0.105 min™') > Cu/5Ti5Mn-HT (~0.079 min™') > Cu/
2TiSMn-HT (~0.023 min™") > Cu/MnO,-HT (~0.017 min™") >
Cu/TiO,-HT (~0.0053 min™"). This trend correlates with the
increasing Ti content in the composite. Total DCF removal
approached 100% for Cu/Ti-Mn composites, while individual
oxides also showed notable Cu/MnO,-HT
~87.9%, Cu/TiO,-HT ~54%.

Although photocatalytic performance is partially masked
by efficient dark-phase degradation, the UV-A rate
constant of Cu/2Ti8Mn-HT (~0.013 min™') exceeded that
of Cu/TiO,-HT and Cu/MnO,HT (~0.007 min™"). Cu/
5Ti5Mn-HT and Cu/8Ti2Mn-HT exhibited the highest dark-
phase conversion (~99.8% and ~99.4%), while Cu/TiO,

conversion
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Fig. 2 Sorption isotherms and pore size distribution of CuO-modified TiO,, MnO,, and their composites.
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Fig. 3 Morphology of Cu/TiO,-HT catalyst: (a) TEM micrograph, (b) EDS spectrum with elemental quantification, (c) HAADF-STEM micrograph, (d)

EDS elemental distribution map for Ti, and (e) Ti/Cu systems.
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Fig. 4 Morphology of Cu/MnO,-HT catalyst: (a) TEM micrograph, (b) EDS spectrum with elemental quantification, (c) HAADF-STEM micrograph,

(d) EDS elemental distribution map for Mn, and (e) Mn/Cu systems.

showed the strongest UV-A response (~42%) despite
limited dark activity (~12%). The observed photocatalytic
efficiency thus strongly depends on the extent of prior
dark-phase degradation. No degradation occurred in
control samples without catalyst under either dark or UV-
A irradiation (Fig. S77).

All catalysts promoted the formation of 5-OH-DCF, as
confirmed by HPLC-DAD and LC-MS/MS (Fig. S11f).

This journal is © The Royal Society of Chemistry 2025

Concentration profiles in Fig. 9b highlight the dependence
on catalyst composition, with Cu/5Ti5Mn-HT showing the
highest 5-OH-DCF accumulation (~145 pg L'-60 min™').
UV-A further degraded 5-OH-DCF, particularly for Cu/
5Ti5Mn-HT and Cu/8Ti2Mn-HT, where no residual product
remained. In contrast, Cu/MnO,-HT generated 5-OH-DCF
under both dark (~59 pg L") and UV (~73 pg L)
conditions.

Catal. Sci. Technol., 2025, 15, 4438-4456 | 4445
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Fig. 5 Morphology of Cu/2Ti8Mn-HT catalyst: (a) TEM micrograph, (b) EDS spectrum with elemental quantification, (c) HAADF-STEM micrograph,

(d) EDS elemental distribution map for Ti/Mn, and (e) Mn/Cu systems.
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Fig. 6 Morphology of Cu/5Ti5Mn-HT catalyst: (a) TEM micrograph, (b) EDS spectrum with elemental quantification, (c) HAADF-STEM micrograph,

(d) EDS elemental distribution map for Ti/Mn, and (e) Mn/Cu systems.

Fig. 9c and d illustrate DCF and 5-OH-DCF behavior under
alternating dark and UV-A exposure for Cu/2Ti8Mn-HT. UV-A
consistently accelerated degradation, confirming the
composite's dual-mode catalytic function. Due to its balanced
activity in both regimes, Cu/2Ti8Mn-HT was selected for
further mechanistic investigation.

4446 | Catal. Sci. Technol, 2025, 15, 4438-4456

Influence of surface acid-base properties and initial pH on
DCF degradation efficiency

The acid-base properties, including the point of zero charge
(pHPZC) and total titratable hydroxyl groups (TOTH), were
evaluated through potentiometric titration, as detailed in the
ESIT in section S6.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Morphology of Cu/8Ti2Mn-HT catalyst: (a) TEM micrograph, (b) EDS spectrum with elemental quantification, (c) HAADF-STEM micrograph,

(d) EDS elemental distribution map for Ti/Mn, and (e) Mn/Cu systems.
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Fig. 8 Raman (a) and FTIR (b) spectra of CuO-modified TiO,, MnO,, and their composites.

The differences in number of surface hydroxyl, as
summarized in Table S7;} suggest that higher hydroxyl group
content (e.g., in Cu/5Ti5Mn-HT) corresponds to increased
catalytic activity, facilitating proton transfer reactions. For
detailed calculations and TOTH curves, see ESIT eqn (S1) and
(S2), and Fig. S17.

This journal is © The Royal Society of Chemistry 2025

The pH values of the aqueous suspensions of these
catalysts, detailed in Table S5, reflect the varying surface
chemistry of the catalysts, which influences their interaction
with DCF and degradation products. Notably, the pH of the
aqueous suspensions was not adjusted prior to measurement.
The pH values indicate that Cu/TiO,-HT sample exhibited a
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(a) Normalized kinetic curves of catalytic/UV-A photocatalytic degradation of DCF on CuO-modified TiO,, MnO,, and their composites; (b)

the course of the concentration of the main degradation product 5-OH-DCF over time; (c) dark/UV-A DCF normalized degradation curve and (d)

formation/degradation of 5-OH-DCF product for Cu/2Ti8Mn-HT catalyst.

slightly acidic pH of 5.65, while Cu/MnO,-HT was more
neutral at 7.56. The pH values for the mixed CuO-TiO,-
MnO, composites ranged between 6.41 and 6.51, indicating
their balanced surface properties contributing to their
catalytic activity.

The graph in Fig. 10 illustrates the kinetics of DCF
degradation using the Cu/2Ti8Mn-HT catalyst under various
pH conditions, including without pH adjustment, at pH 4,
pH 7, and pH 9. This catalyst was chosen for its optimal
balance between catalytic oxidation and photocatalytic
degradation of DCF, as in previous cases.

In graph in Fig. 10a, the catalytic oxidation of diclofenac
in the dark phase varies with pH. At pH 4, the degradation
rate is the highest (kgar ~0.028 min™"), followed by the rate
observed without pH adjustment (kga ~0.023 min™'). The
efficiency decreases at pH 7 (kgark ~0.016 min™) and pH 9
(kgark ~0.008 min™"). This is linked to the surface charge of
the catalyst relative to its point of zero charge (pHPZC =
4.84).

4448 | Catal Sci. Technol., 2025, 15, 4438-4456

Diclofenac has a pK, of 4.15, meaning it is predominantly
ionized above this pH and non-ionized below it. At pH levels
above its pK,, such as 7 and 9, diclofenac exists mainly in its
anionic form, leading to repulsive interactions with the
negatively charged catalyst surface at pH 9. In contrast, at pH
4, diclofenac is closer to its non-ionized form, favoring
adsorption on the positively charged surface and enhancing
degradation.®*

Under UV-A light, photocatalytic activity increases
degradation rates across all pH conditions. The highest
efficiency is observed at pH 4, followed by unadjusted pH
(pH ~6.5, see Table S57), pH 7, and pH 9.

Graph in Fig. 10b shows the formation and degradation of
the 5-OH-DCF oxidation product. In the dark phase, 5-OH-
DCF concentration increases as diclofenac is oxidized. Under
UV-A light, the concentration trends vary with pH. At pH 4,
the product concentration peaks and then decreases rapidly,
indicating effective photocatalytic degradation of diclofenac
and its oxidation product. Without pH adjustment, a similar

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Effect of pH on catalytic and photocatalytic degradation of diclofenac using Cu/2Ti8Mn-HT catalyst: (a) normalized kinetic curves of
diclofenac degradation; (b) concentration trend of 5-OH-DCF, both in dark and light conditions.

but less pronounced trend was observed. At pH 7, the
concentration remains relatively stable, reflecting moderate
efficiency. At pH 9, the concentration initially increases and
stabilizes, suggesting limited degradation due to repulsive
interactions at the negatively charged surface.

Reusability of CuO-modified TiO,-MnO, catalysts

To evaluate the reusability and operational stability of the
Cu/5Ti5Mn-HT catalyst, which exhibited the highest catalytic
activity among the tested materials,
degradation cycles of DCF were performed under identical
reaction conditions (see experimental section). After each
cycle, the catalyst was recovered by centrifugation, washed
thoroughly with deionized water, and directly reused without
drying or thermal activation.

The results of these recycling experiments are summarized
in Fig. S8, which displays both time-resolved kinetic curves
(Fig. S8at) and the corresponding degradation efficiencies
after 60 minutes (inset). The apparent first-order rate
constants under dark conditions decreased progressively
from 0.078 to 0.056, 0.049, and finally 0.040 min ", indicating
a gradual decline in catalytic activity over the four cycles. This
reduction can be primarily attributed to minor mechanical
losses during the recovery and washing steps, experimentally
determined to be approximately 5 wt%, rather than
deactivation of the active sites.

The inset bar graph in Fig. S8af provides a clear
quantitative comparison of degradation efficiency at the 60-
minute mark. The activity decreased only slightly, from
97.6% in the first cycle to 90.4% in the fourth, reflecting a
net reduction of just ~7.2%. Despite the observed decrease
in reaction rate constants, the high overall DCF conversion
values confirm that the catalyst retains excellent functional
performance after multiple uses. This also suggests that mass

four consecutive

This journal is © The Royal Society of Chemistry 2025

transfer and surface reaction steps remain largely unaffected
by recycling.

Furthermore, Fig. S8bt illustrates the evolution of the
main transformation product, 5-hydroxy-diclofenac, across all
four cycles. The consistent concentration-time profiles of this
intermediate—both in terms of peak concentration and decay
trend—indicate that the reaction mechanism and selectivity
remain unaltered. This observation reinforces the conclusion
that the redox-active sites responsible for oxygen activation
and DCF transformation remain chemically stable
throughout the recycling process.

Taken together, these results demonstrate that the Cu/
5Ti5Mn-HT catalyst exhibits excellent recyclability, with high
degradation efficiency, stable product formation behavior,
and minimal structural or chemical degradation. This makes
it a promising candidate for practical applications in water
purification technologies. Further improvements in handling
or immobilization may help minimize material loss and
extend long-term performance.

Identification of reactive species

The ROS in the CuO-modified TiO,/MnO, system were
investigated using scavenger experiments with Cu/2Ti8Mn-
HT, chosen for its balanced performance in both catalytic
and photocatalytic processes (Fig. 9a). Fig. 11 and Table S47
show the impact of various scavengers—p-benzoquinone
(p-BQ) for superoxide anion radicals (0,),% isopropanol
(1PA) for hydroxyl radicals (-OH),°® silver nitrate (AgNO;) for
electrons (e7), and EDTA-2Na for holes (h")*—on the
degradation of DCF. In dark conditions, the degradation rate
(kgark) decreased most significantly with AgNO; (to 0.0082
min'), indicating that electrons play a crucial role. IPA also
reduced kg to 0.012 min ™, pointing to the involvement of
hydroxyl radicals, though they appear less influential than
electrons under dark conditions. Under UV-A illumination,
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Fig. 11 (a) Normalized kinetic curves of DCF degradation, and (b) formation of 5-hydroxy-diclofenac (5-OH-DCF) in the presence of scavengers

using Cu/2Ti8Mn-HT catalyst.

the scavenger experiments highlighted the dominance of
hydroxyl radicals (-OH), as the degradation rate dropped
sharply from 0.013 min™" to 0.0008 min~" with the addition
of IPA. The significant reduction with AgNO; also suggested
that electrons play an essential role under UV-A conditions,
though hydroxyl radicals remain the primary reactive species.

Terephthalic acid (TA) assays were employed to monitor
hydroxyl radical (-OH) formation via the conversion of TA to
2-hydroxyterephthalic acid (2-OHTA) on the Cu/2Ti8Mn-HT
sample.

High-performance liquid chromatography (HPLC) was
used to precisely quantify both TA and its hydroxylated
product, 2-OHTA, in an aqueous solution. This method,
described in detail in section S3 of the ESI;j offers a clear
advantage over conventional fluorescence spectroscopy by
eliminating  interference and  providing  accurate
measurements of TA and 2-OHTA, respectively.

As shown in Fig. S9a,f approximately 30% of TA is
converted onto the surface of Cu/2Ti8Mn-HT during the dark
phase (up to 60 minutes). Under UV-A illumination, a further
40% of TA is removed, suggesting continued
photodegradation. Despite these significant decreases in TA
concentration, the production of 2-OHTA remains very low,
with only about 2.5% of TA converted to 2-OHTA, both in the
dark and under UV-A conditions (Fig. S9b¥).

This suggests that while there is a possibility of -OH
radicals forming even in the dark phase on Cu/2Ti8Mn-HT,
other mechanisms are likely at play. Adsorption onto the
catalyst surface or alternative degradation pathways appear to
dominate, diverting -OH radicals from significantly
contributing to the hydroxylation of TA. The very low yield of
2-OHTA underscores the system's complexity, where
competing processes, such as adsorption or non-radical
degradation routes, limit the role of -OH in TA conversion.

To elucidate the mechanisms of radical formation and
their role in DCF degradation under dark and UV conditions,

4450 | Catal Sci. Technol., 2025, 15, 4438-4456

electron paramagnetic resonance (EPR) spectroscopy with
spin trapping using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)
was employed. However, no free radicals were successfully
trapped, possibly due to their extremely short lifetimes,®®
leading to recombination before interacting with the spin
trap, or their binding to the particle surface® rather than
being released into the environment. Phenyl-N-tert-
butylnitrone (PBN) was used as an alternative scavenger to
study radical formation. Data for the Cu/5Ti5Mn-HT sample,
shown in Fig. S16a and b,f indicated the most significant
signal after 15 minutes of UV irradiation. No adequate EPR
signals were observed in the dark (data not shown).

Fig. S16at displays the EPR spectrum at 250 K, revealing a
complex resonance signal suggesting trapped adducts, likely
PBN-OH and PBN-OOH. Due to low signal intensity and
complexity, detailed analysis was challenging. An experiment
at 113 K (Fig. S16bt) improved the signal-to-noise ratio, but
the frozen state of the sample restricted tumbling effects,
complicating detailed signal resolution and component
analysis.

LC-MS/MS profiling of diclofenac transformation products

Time-resolved LC-MS/MS analysis was employed to identify
intermediates and by-products generated during the catalytic
degradation of DCF in both dark and under UV illumination.
The Cu/2Ti8Mn-HT catalyst was selected for its optimal
efficiency in DCF conversion across various conditions. Four
distinct degradation products were identified during the dark
phase of DCF degradation, with their concentrations
(expressed as peak area) varying over time (Fig. S157). These
products are further degraded upon exposure to UV light,
and their molecular structures and fragmentation patterns
are summarized in Table S6.f A detailed interpretation of the
mass spectra based on fragmentation analysis is provided in
the ESL;j section S5.

This journal is © The Royal Society of Chemistry 2025
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Diclofenac (DCF) degradation is initiated by hydroxylation,
facilitated by surface-OH groups acting as active sites for
adsorption and activation. Under dark conditions, non-
radical oxygen species mediate the formation of 5-hydroxy-
diclofenac (5-OH-DCF), followed by decarboxylation via
intramolecular electron transfer to yield 2,6-dichloro-N-(o-
tolyl)aniline (DP1). DP1 subsequently undergoes either
hydroxylation to form 4-((2,6-dichlorophenyl)amino)-3-
methylphenol (DP2) or dechlorination-cyclization, leading to
1-chloro-8-methyl-9H-carbazole (DP3). These transformation
routes align with degradation mechanisms reported for DCF
in manganese oxide systems.”””’> Upon UV-A irradiation,
reactive oxygen species (primarily -OH) accelerate the
degradation of pre-formed intermediates (Fig. S15%),
enhancing overall efficiency without altering the fundamental
pathway. The proposed degradation mechanism is illustrated
in Fig. 12.

Mechanistic insights into catalytic and photocatalytic
oxidation of DCF

The degradation of diclofenac (DCF) over CuO-modified
TiO,/MnO,  composites  proceeds through  distinct
mechanisms under dark and UV-A illumination, driven by
the tailored roles of each component—TiO,, MnO,, and CuO.
These mechanisms were elucidated using kinetic studies,
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Fig. 12 Proposed degradation mechanism of DCF by Cu/TiO,/MnO,
catalysts.
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scavenger experiments, surface spectroscopy, and time-
resolved LC-MS/MS analysis.

Surface-sensitive XPS analysis (Table 2) provides a
mechanistic basis for understanding the catalytic behavior of
the CuO-TiO,-MnO, composites under dark conditions by
elucidating the distribution of surface oxidation states and
reactive oxygen species. The Mn*'/Mn*" atomic ratios follow
the order: Cu/5Ti5Mn-HT (1.44) < Cu/8Ti2Mn-HT (1.82) <
Cu/2Ti8SMn-HT (2.22) < Cu/MnO,~HT (1.26), indicating
compositional differences in the electronic structure and
redox equilibria at the catalyst surface. The enrichment of
Mn®" species, which are commonly associated with the
presence of oxygen vacancies and dynamic redox behavior,
suggests enhanced electron transfer capability and increased
capacity for oxygen activation.”®

In parallel, the relative abundance of surface lattice
oxygen—quantified by the Oj,.0/Owa1 ratio—reaches its
highest value in Cu/8Ti2Mn-HT (0.93), implying a greater
availability of redox-accessible oxygen at or near the catalyst
surface. This fraction reflects the relative amount of surface
lattice oxygen, which is more reactive than the deeply
embedded lattice oxygen (Ojuq) and can participate in
interfacial redox processes. Such surface lattice oxygen has
been highlighted in recent literature as a key factor in
catalytic oxidation reactions, where it promotes electron
transfer and redox flexibility at defect-rich oxide
interfaces.”*”®

The convergence of elevated Mn*" content and high
surface lattice oxygen fraction reflects an electronically
flexible surface environment that may facilitate non-radical
oxidative pathways in the absence of photonic excitation.

Additional insight into the surface characteristics of the
catalysts is provided by the total hydroxyl group content
(TOTH, Table S7t), which reflects the relative abundance of
surface -OH species formed via dissociative adsorption of
water.”® The presence of surface hydroxyls may facilitate the
initial adsorption and alignment of diclofenac at the solid-
liquid interface, thereby supporting the subsequent activation
steps involved in dark-phase transformation.

Fig. 13 illustrates the correlation between structural
surface characteristics and catalytic performance under dark
conditions. The degradation rate constant (kqa.) exhibits a
positive relationship with three surface-derived parameters:
the Mn*'/Mn*" atomic ratio, the relative fraction of surface-
associated lattice oxygen (Opae2/Otora)y and the surface
density of hydroxyl groups (g-OH, derived from TOTH). These
descriptors collectively reflect the redox flexibility of the
catalyst surface, the accessibility of reactive lattice oxygen,
and the capacity for initial pollutant adsorption through
hydroxyl-mediated interactions. The observed trends
emphasize that the efficiency of non-radical oxidation in the
dark is governed not by a single dominant factor, but rather
by a synergistic interplay of redox-active metal centers,
surface lattice oxygen, and surface -OH functionalities that
together define the interfacial reactivity of the composite
catalysts.
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The oxidation mechanism was further confirmed by LC-
MS/MS analysis, which identified several transformation
products formed during DCF degradation in the dark.
These 5-hydroxy-diclofenac  (5-OH-DCF)  via
hydroxylation,  2,6-dichloro-N-(o-tolyl)aniline  (DP1) via
decarboxylation, its hydroxylated derivative (DP2), and a
dechlorinated and cyclized product, 1-chloro-8-methyl-9H-
carbazole (DP3). These products (Table S6f) indicate that
multiple oxidative pathways occur despite the absence of
light and that they are consistent with previously reported
Mn-based systems.”®"?

While scavenger experiments showed partial inhibition in

include

the presence of isopropanol (-OH scavenger), no significant
formation of free radicals was observed by terephthalic acid
probing (Fig. S9T) or EPR spectroscopy (Fig. S167). These
results confirm that the observed catalytic activity arises from
non-radical oxygen species bound to the surface lattice
oxygen, rather than from classical radical species such as
‘OH or O,:".

Based on a combination of spectroscopic, kinetic, and
analytical observations, the most plausible mechanism for
diclofenac (DCF) degradation under dark conditions has
been proposed. In the absence of photonic excitation, the
oxidation proceeds via a non-radical pathway involving redox-
active surface species and reactive oxygen forms associated
with the oxide lattice.

The process is initiated by the dissociative adsorption of
metal-oxygen  bridges,
(Me-OH) on the

surface
groups

molecules on
hydroxyl

water
generating terminal
catalyst surface.””
The abundance of these -OH groups, as quantified by
TOTH analysis (Table S7t), indicates a high density of
adsorption sites that may facilitate pollutant binding:

H,0 + Me-O-Me — 2Me-OH 1)
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These hydroxyl groups interact with DCF via hydrogen
bonding or electrostatic attraction, forming surface-bound
complexes that facilitate interfacial electron transfer in the
absence of light:

DCF(yq) + Me~OH — DCF-OHy5) 2)

This adsorption step enables pollutant pre-concentration
and activation on the catalyst surface, which is critical for
initiating the subsequent oxidation reactions without
photonic excitation.

The catalytic activity is then sustained by reversible redox
transitions within the MnO, and CuO domains. Manganese
exists in a dynamic equilibrium between Mn*' and Mn*"
oxidation states (Mn*" — Mn*" + e7), while CuO contributes
through the Cu* — Cu®" + e transition. These coupled redox
cycles enable continuous electron donation to molecular
oxygen adsorbed at oxygen vacancy sites (O), resulting in the
formation of reactive non-radical oxygen species through the
following cascade:”®”°

O, +0O+e — Oy (ads) (3)
05 (ads) + € = 02% (aas) (4)
05 (ads) T € = 20 (o) (5)

O (ads) + € = O™ (tawy) (6)

The resulting surface lattice oxygen species (O*) serve as
the primary oxidizing agents in the dark-phase process. In
parallel, the TiO, matrix stabilizes charge imbalances
through the partial reduction of surface Ti** to Ti*" (Ti*" + e
— Ti*"), enabling temporary charge storage and local
compensation during interfacial redox processes.*>*°

Unlike conventional MnO, systems, which rely solely on
Mn** species and lack redox coupling with auxiliary metal
oxides, the CuO-MnO,-TiO, composite enables more
effective electron flow and redox cycling. In this system,
redox-active Cu**/Cu” couples bridge the Mn*/Mn*" redox
system and enhance interfacial conductivity, resulting in
significantly higher degradation rates even under light-free
conditions. For example, Cu/8Ti2Mn-HT achieved a rate
constant of kgai = 0.105 min?, surpassing classical MnO,-
based systems under similar conditions.®*

Upon UV-A irradiation, the photocatalytic degradation of
DCF proceeds through a synergistic mechanism enabled by
the engineered p-n-p heterojunction architecture of the
CuO-Ti0,-MnO, composite. TiO,, with a wide bandgap (Epg
~ 3.0-3.2 eV),% serves as the primary light-harvesting n-type
semiconductor, while CuO (Ep; = 1.4-1.7 eV)** and MnO,
(typically 1.3-1.8 eV)®* function as p-type components. The
energetic coupling of these semiconductors creates interfacial
electric fields wupon Fermi-level equilibration, which
facilitates directional charge carrier separation and
suppresses electron-hole recombination.

This journal is © The Royal Society of Chemistry 2025
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Photoactivation occurs predominantly on TiO,, where
band-gap excitation under UV-A light produces electron-hole
pairs:®

TiO, + hv — ¢ +h' (7)

These photogenerated carriers migrate across the
heterojunction interfaces in a spatially resolved manner,
initiating redox processes at the catalyst surface. Holes
oxidize water or surface hydroxyls, generating hydroxyl
radicals:*°

H' +H,0 — -OH + H' (8)

Simultaneously, electrons reduce adsorbed oxygen to form

superoxide species:*®

e +0, — 0y (9)
The involvement of both radical species in the
degradation mechanism is corroborated by scavenger
inhibition studies (Fig. 11), EPR spectroscopy (Fig. S167), and
TA probing (Fig. S97).

Based on literature-supported band  alignment
models,?” ™ electrons are transferred from the conduction
band of TiO, to adjacent CuO and MnO, domains, where
they are transiently stabilized via redox cycling involving
Cu*"/Cu* and Mn*"/Mn** couples. In parallel, holes migrate
toward the valence bands of MnO, and CuO, enabling
sustained oxidation reactions.

In this mechanism, each component contributes distinct
functionality: (i) CuO acts as a photoactive p-type
semiconductor and efficient electron acceptor. Electrons
reduce surface Cu®" to Cu®, initiating a redox cycle that
promotes superoxide generation:*>°"

e +Cu* — cu’ (10)

Cu' + 0, — Cu*" + 0, (11)
(ii) TiO,, as the central light absorber, mediates the

photogeneration and directional transport of charge carriers.
(iii) MnO, serves as a redox-active domain and electron

sink, supporting Mn**/Mn*" cycling and further superoxide

formation:*>

Mn3+

e +Mn"" — (12)

Mn** + 0, — Mn*" + 0,.” (13)

This redox interplay across Mn and Cu sites sustains ROS
generation after initial charge separation. The pronounced
photocatalytic activity of the Cu/2Ti8Mn-HT catalyst (kyy =
0.013 min™", Fig. 9a) supports this mechanistic proposal. XPS
analysis confirms the prevalence of surface Cu®>" and Mn*"
species (Table 2), as well as a high density of oxygen

This journal is © The Royal Society of Chemistry 2025
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vacancies (O 1s = 531.09 eV, Fig. S5t), both of which enhance
O, activation. Moreover, elevated surface hydroxylation
(TOTH, Table S77) facilitates -OH generation.

Importantly, LC-MS/MS analysis (Fig. S151) indicates that
UV-A illumination does not induce the formation of new
degradation products but accelerates the transformation of
intermediates generated in the dark phase, along with
residual DCF. This observation underscores the
complementary relationship between both activation modes.

In summary, the enhanced photocatalytic degradation of
diclofenac under UV-A light is governed by (i) efficient charge
carrier generation on TiO,, (ii) spatially resolved charge
separation via the CuO-MnO,-TiO, p-n-p heterojunction,
and (iii) redox-mediated oxygen activation through Cu*'/Cu"
and Mn"*/Mn”* cycles. The integration of photophysical and
redox functionalities enables persistent ROS formation and
high photocatalytic efficiency.

Conclusion

In conclusion, CuO-modified TiO,/MnO, composites were
successfully developed as multifunctional catalysts for the
degradation of diclofenac sodium under both dark and UV-A
irradiation. The materials exhibited dual-mode catalytic
activity through two  mechanistically distinct yet
complementary pathways: (i) non-radical oxidation under
dark conditions, enabled by redox-active metal centers,
surface lattice oxygen, and surface hydroxyl functionalities,
and (ii) radical-driven photocatalysis under UV-A light,
initiated by photogenerated charge carriers.

Under illumination, the formation of an interfacial p-n-p
heterojunction between CuO, MnO,, and TiO, established
internal electric fields that facilitated directional charge
separation—electrons migrating from the conduction band
of TiO, toward CuO and MnO,, and holes in the opposite
direction. This charge carrier redistribution suppressed
recombination and promoted continuous ROS generation via
redox cycling involving Cu**/Cu* and Mn**/Mn*" pairs.

The mechanistic interpretation was supported by LC-MS/
MS identification of transformation products, along with
spectroscopic evidence of redox-active surface species and an
increased abundance of surface hydroxyl groups.

The mechanistic interpretation was supported by LC-MS/
MS identification of transformation products, as well as
spectroscopic evidence of redox-active surface species, and
enhanced hydroxylation.

Among the evaluated catalysts, Cu/5Ti5Mn-HT and Cu/
8Ti2Mn-HT  demonstrated the highest degradation
efficiencies in the dark (~99.8% and ~99.4%, respectively),
consistent with their elevated Mn*"/Mn*" ratios, enriched
surface lattice oxygen (Ojate2/Orotal), and high hydroxyl group
densities.  Conversely, = Cu/TiO,  exhibited  superior
photocatalytic performance under UV-A (~42% removal),
underscoring the influence of heterojunction architecture
and interfacial conductivity on charge carrier utilization.

Catal. Sci. Technol., 2025, 15, 4438-4456 | 4453
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These findings underscore the versatility of CuO-MnO,~
TiO, composites as adaptable catalysts for pharmaceutical
pollutant removal under variable environmental conditions
and provide mechanistic insights to guide the design of next-
generation oxide-based heterostructures with tunable redox
and interfacial properties.
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