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Light-driven peroxymonosulfate (PMS) activation is gaining traction as a green advanced oxidation strategy for
degrading recalcitrant water pollutants; however, catalyst instability and sluggish charge separation still hinder
its practical application. Here, we report for the first time the fabrication of ALD-engineered BiOI thin-film
heterojunctions, coated with nanometric SnO; or TiO; layers (~5 nm) and decorated with Pd nanoparticles
(~2 nm), which simultaneously enhance catalytic activity and stability. The BiOI/SnO5 and BiOI/TiO2 systems
exhibit well-defined type-II band alignments, facilitating efficient interfacial charge transfer, while Pd nano-
particles form Schottky junctions that extract photogenerated electrons and mitigate BiOI photocorrosion. Using
20 ppm tetracycline (TC) at pH 7 as a model contaminant, TiO2-BiOI achieved 92.7 % TC removal and 84.8 %
total organic carbon (TOC) mineralization within 90 min under UV-A light (365 nm) with 2.5 mM PMS. In
contrast, SnO2-BiOI showed superior performance under simulated sunlight (A > 400 nm), attaining 80.8 %
degradation and 76.5 % mineralization. Radical scavenging assays revealed a threefold increase in sulfate and
hydroxyl radical production compared to pristine BiOI. Pd modification reduced Bi and I leaching by more than
80 % after 360 min of continuous irradiation and preserved over 95 % of the photocatalytic activity across ten
successive reuse cycles. This work establishes a modular ALD-based strategy to design stable semiconductor/
oxide/metal nanointerfaces for wavelength-tunable PMS activation. The resulting thin-film catalysts, fabricated
on FTO substrates with sub-nanometer precision, offer a scalable platform for solar-driven water purification and
expand the material design space for sulfate-radical-based advanced oxidation processes.

1. Introduction powerful alternative: they can mineralize a wide spectrum of com-

pounds to CO; and H»0 at near-neutral pH and with relatively modest

Water quality deterioration — driven by the continuous discharge of
industrial effluents, pharmaceutical residues, pesticides, and heavy
metal complexes — has become one of the most urgent environmental
challenges of our time [1-4]. Conventional treatment methods such as
coagulation—filtration, adsorption, and biological oxidation often
merely transfer contaminants from one phase to another and struggle
when confronted with chemically persistent or structurally diverse
pollutants [5-8]. Advanced oxidation processes (AOPs), which generate
highly reactive oxygen or sulfate radicals in situ, significantly more

energy inputs [9-13].

Among emerging AOP strategies, peroxymonosulfate (PMS, HSO5)
has gained considerable attention due to its high redox potential
(2.6-3.1 V) and manifold activation pathways [7,14-18]. Four principal
activation routes have been identified: (i) sonochemistry, where
acoustic cavitation cleaves the O-O bond in PMS but suffers from low
energy-conversion efficiency and scale-up challenges; (ii) electro-
chemical activation on boron-doped diamond or MXene electrodes,
which achieves high faradaic efficiency yet contends with electrode
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passivation and costly cell designs; (iii) non-radical PMS activation by
carbonaceous materials—nitrogen-doped graphene or carbon nanotube
aerogels—whose singlet-oxygen pathways avoid metal leaching but rely
on powder catalysts that complicate separation; and (iv) semiconductor-
assisted photocatalysis, which pairs solar energy harvesting with benign
operation, yet often requires ultraviolet (UV) light (e.g., TiO3, ZnO) or
contends with rapid electron-hole recombination and structural insta-
bility under visible irradiation [19-26].

Within this context, bismuth oxyiodide (BiOI) has emerged as a
promising photocatalyst for environmental remediation. BiOL, a p-type
semiconductor, features a layered tetragonal structure that facilitates
efficient charge separation and exhibits a narrow bandgap (~1.8-2.0
eV), allowing visible-light-driven photocatalysis [27,28]. However, BiOI
faces significant drawbacks that limit its practical application in water
treatment: (i) poor stability due to iodine leaching, leading to photo-
corrosion under prolonged irradiation; (ii) high electron-hole recom-
bination rates, which reduce overall photocatalytic efficiency; and (iii) a
valence band position that is not sufficiently positive to generate hy-
droxyl radicals (®OH), which are essential for the degradation of
persistent pollutants [27,29-33].

To overcome these challenges, researchers have explored several
strategies to enhance the stability and photocatalytic efficiency of BiOL
One effective approach is thermal treatment, which transforms BiOI into
other bismuth oxyiodides (e.g., Bi4Osl, BisO7I, BizO4l, and BizOs3)
[27,31,34-37]. Another widely adopted strategy is the construction of
heterojunctions with wide-bandgap semiconductors to enhance charge
separation and suppress electron-hole recombination. TiOy and SnO; are
particularly effective due to their suitable conduction band positions,
facilitating electron transfer from BiOI and promoting reactive species
generation [28,38-41]. By strategically aligning the conduction and
valence bands of BiOI with those of a secondary semiconductor, charge
carriers can be efficiently transferred across the interface, thereby
extending their lifetimes and enhancing reactive species generation for
pollutant degradation. The use of atomic layer deposition (ALD) further
enhances heterojunction performance by providing sub-nanometer
control over film thickness, excellent conformality, and defect-free in-
terfaces, all critical for optimizing interfacial charge transfer [42-45].

In addition, doping or decorating BiOI with noble metals such as Pd,
Au, and Ag has proven to be effective in enhancing electron mobility and
promoting surface plasmon resonance effects [46]. These metals act as
electron sinks, reducing charge recombination and increasing the effi-
ciency of light absorption, particularly in the visible-light range. In this
context, the deposition of Pd nanoparticles by ALD offers additional
advantages, providing precise control over nanoparticle size, distribu-
tion, and interfacial contact, which are critical for maximizing electron
trapping and plasmonic effects. Another highly effective strategy in-
volves combining photocatalysis with PMS activation, which facilitates
the formation of reactive sulfate radicals (SO® ). By implementing these
modifications, BiOI-based photocatalysts demonstrated improved effi-
ciency, stability, and reusability, making them more viable for real-
world water purification applications [47-51].

To boost BiOI-mediated pollutant degradation and mineralization,
we tailor the material’s architecture to enlarge its active surface,
enhance light harvesting, and suppress electron-hole recombination
[31,52]. Here, electrodeposited BiOlI thin films are conformally coated
by ALD with nanometric shells of SnO, or TiO;, and, in a second step,
decorated with Pd nanoparticles. The wide-band-gap oxides extend light
absorption and promote charge separation, whereas the Pd nanodots act
as electron sinks, improving surface reactivity [53-56]. We then couple
the resulting heterojunctions with PMS to study visible light minerali-
zation of antibiotics in water. The simultaneous investigation of BiOl/
SnO; and BiOI/TiO3 heterostructures allows for a direct comparison of
how differences in band alignment, charge transport dynamics, and ALD
oxide characteristics influence ROS generation and photocatalytic effi-
ciency. This comparison under identical experimental conditions pro-
vides valuable insight into the structure-performance relationships
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governing PMS-activated degradation. Furthermore, this study explores
the synergistic effect of photocatalysis and PMS activation on the
degradation and mineralization of antibiotics in water. To the best of our
knowledge, this is the first time that ALD-engineered TiO,- and SnO,-
BiOI heterojunctions, further modified with Pd nanoparticles, have been
applied for light-driven PMS-activated degradation and mineralization
of pollutants. The synergistic integration of ALD-designed hetero-
junctions with PMS activation under both UV and visible light irradia-
tion offers a novel and effective approach for antibiotic removal.

2. Materials and methods
2.1. Materials

Bismuth nitrate pentahydrate (Bi(NO3)3-5H20, >98 %; CAS: 10035-
06-0), potassium iodide (KI, >99 %; CAS: 7681-11-0), p-benzoquinone
(>98 %; CAS: 106-51-4), sodium hydroxide (NaOH, >97 %; CAS: 1310-
73-2), sodium bromide (NaBr, >99.5 %; CAS: 7647-15-6), tetrakis
(dimethylamino)tin(IV) (TDMASn, >99.99 %; CAS: 1066-77-9), tetrakis
(dimethylamino)titanium(IV) (TDMAT, >99.99 %; CAS: 1066-77-9),
palladium(II)  hexafluoroacetylacetonate  (Pd(hfac);, 99.9 %;
CAS:64916-48-9), formalin solution (37 wt% formaldehyde stabilized
with methanol; CAS:50-00-0), nitric acid (HNOs3, 65 %; CAS: 7697-37-
2), sodium terephthalate (NaoTPA; CAS: 10028-70-3), bromine (Bry;
CAS: 7726-95-6), and OXONE® (peroxymonosulfate, PMS, >98 %; CAS:
104548-30-3) were obtained from Sigma-Aldrich, Panreac, Fischer
Chemical, Alfa Aesar, Strem Chemicals, or Thermo Scientific Chemicals
and used without further purification. Tetracycline hydrochloride (TC,
>98 %, CAS: 60-54-8), levofloxacin (LEV, >98 %, CAS: 100986-85-4),
and lansoprazole (LAN, >98 %, CAS: 103577-45-3) were purchased
from Merck and Alfa Aesar. All aqueous solutions were prepared using
Milli-Q ultrapure water (18.2 MQ-cm). Fluorine-doped tin oxide (FTO)
glass substrates (2.2 mm thickness, ~7 €/sq) were supplied by Sigma-
Aldrich. Argon (5.0 purity) was obtained from Linde and used as a
carrier and purge gas during the ALD processes. Tap water was sourced
from the Chemistry School facilities at the University of Barcelona, pre-
filtered using a 0.5 pm membrane to remove suspended solids, and
subsequently used for the catalytic experiments. The water presented
moderate buffering capacity, characterized by an alkalinity of 166 mg
CaCO3 L™}, and a slightly basic pH of 7.75. Total hardness was measured
at 234 mg CaCO3 L™}, predominantly due to calcium (67.2 mg L) and
magnesium (16.6 mg L) ions. The main dissolved salts were sodium
(106 mg L’l), chloride (175 mg L’l), and sulfate (79.6 mg L’l), with a
total organic carbon (TOC) concentration of 4.9 ppm. For photocatalytic
experiments, the pH was adjusted to 7.00 prior to use.

2.2. Synthesis and characterization of photocatalytic thin films

2.2.1. Electrochemical synthesis of BiOlI thin film

BiOI thin films were electrodeposited using a three-electrode system
connected to a potentiostat/galvanostat (Autolab PGSTAT30) controlled
via NOVA software. The working electrode was fluorine-doped tin oxide
(FTO) glass (2.2 mm thickness, ~7 Q resistivity, Sigma-Aldrich) with an
active area of 0.8 cm?. A Pt wire served as the counter electrode, while
an Ag|AgCl|Cl" (3 M) electrode was used as the reference. Electrode-
position was carried out at a previously optimized potential of —0.2 V vs.
Ag/AgCl in an electrolytic solution containing bismuth nitrate, potas-
sium iodide, nitric acid, and p-benzoquinone, using a 50:20 (v:v)
water—ethanol medium. Specifications of electrochemical bath prepa-
ration and electrodeposition parameters were detailed in previous
studies [27,31].

2.2.2. Deposition via atomic layer deposition (ALD)

Electrodeposited BiOlI thin films, as previously described, were used
as substrates for the subsequent deposition of SnO5 and TiO» thin films
by ALD. ALD enables the deposition of conformal and uniform thin films
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with atomic-level control over thickness, making it particularly suitable
for tailoring photocatalytic materials. The choice of SnO, and TiO; as
coating materials on BiOI was based on their wide bandgaps, favorable
conduction band alignment with BiOI, and their known ability to
enhance charge separation and suppress recombination in hetero-
junction structures. Both oxides also exhibit excellent stability under
irradiation and enable efficient transfer of photogenerated electrons
from BiOI, which is essential for the activation of PMS into reactive
sulfate radicals. Specifically, SnO, was selected for its superior electron
mobility, which improves charge transport, while TiO, offers robust UV
photoactivity. Their integration with BiOI was intended to optimize
photocatalytic activity and increase film stability under light-driven
PMS activation conditions. By varying the thickness of the SnO5 and
TiO4 coatings, the photocatalytic performance of the BiOI-based films
was systematically optimized for water treatment applications [57,58].

e Atomic layer deposition of tin oxide (SnO3): SnO5 thin films were
deposited at 200 °C using a commercial ALD reactor (Savannah G2
$100, Cambridge NanoTech Inc) by employing tetrakis(dimethyla-
mino)tin [(CH3)2N14Sn and H»O as precursors. Additionally, the thin
films were carried out via successive ALD cycles. The tin precursor
utilized was tetrakis(dimethylamino)tin(IV) (TDMASN,
[(CH3)2N14Sn), while deionized water served as the oxidizing oxygen
source. The depositions were conducted under a constant flow of 20
sccm of argon (5.0 purity, Linde) as the carrier gas, with a reactor
temperature maintained at 200 °C. The TDMASn precursor was
heated to 80 °C, while the water was kept at room temperature. The
substrates were positioned in the reactor and held at 200 °C for a 20
min duration, during which a constant argon flow of 20 sccm was
maintained. The deposition sequence consisted of a 0.1 s pulse of
TDMASh, followed by a 20 s argon purge, a 0.035 s pulse of H20, and
a final 20 s argon purge. The growth rate of the SnO- films reached a
saturation point at approximately 0.5 A/cycle. The thickness of the
SnO,, films was controlled by selecting the number of ALD cycles,
with 20, 100, and 200 cycles resulting in film thicknesses of 1 nm, 5
nm, and 10 nm, respectively.

Atomic layer deposition of titanium oxide (TiOs): For TiO, deposi-
tion, the process was conducted using the same ALD system, with
Tetrakis(dimethylamino)titanium(IV) (TDMAT) and HyO as pre-
cursors. The chamber was maintained at 120 °C, and a constant flux
of pure argon gas (20 sccm) was used to ensure an inert atmosphere.
The titanium precursor bubbler was maintained at 75 °C to ensure
sufficient vapor pressure for deposition. The deposition sequence for
TiO4 involved a 0.1 s pulse of TDMAT, followed by a 20 s argon
purge, a 0.015 s pulse of HO, and a final 20 s argon purge. The
growth rate of the TiO; films reached saturation at approximately
0.48 A/cycle, enabling precise control over film thickness with
excellent reproducibility. The thickness of the TiOy films was
controlled by varying the number of ALD cycles, with 21, 105, and
210 cycles resulting in film thicknesses of ~1 nm, ~5 nm, and ~10
nm, respectively

Atomic layer deposition of palladium (Pd): To enhance the catalytic
efficiency of SnO,-BiOI and TiO-BiOIl, Pd nanoparticles were syn-
thesized by ALD in a low-pressure hot-wall reactor (home-built) as
described in previous Works [57,59]. ALD of Pd was carried out
using palladium(II) hexafluoroacetylacetonate (Pd(hfac);) as the
precursor and formalin as the reducing agent. To synthesize highly
dispersed Pd nanoparticles, 100 ALD cycles were applied. The
bubbler containing the Pd(hfac), precursor was heated to 70 °C,
while the formalin container was kept at room temperature. The
deposition chamber was maintained at 220 °C, and the lines of the
ALD system were heated to 80 °C to prevent any condensation. The
ALD cycle consisted of sequential pulses, exposures, and purges of Pd
precursor and formalin. For Pd(hfac),, the pulse, exposure, and
purge durations were 5 s, 60 s, and 10 s, respectively, while for
formalin, the durations were 1 s, 60 s, and 60 s, respectively.
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2.2.3. Materials characterization

The surface morphology of the synthesized samples was analyzed
using field emission scanning electron microscopy (FE-SEM, JEOL J-
7100), equipped with an energy-dispersive X-ray spectroscopy (EDX)
detector for elemental analysis. To evaluate the light transmission
through the ALD coatings, optical power measurements were conducted
under UV-A (365 nm) and visible-light sources. Samples were prepared
on FTO substrates with: (i) 5 nm SnOs, (ii) 5 nm TiO,, (iii) 5 nm SnO5 + 1
nm Pd, and (iv) 5 nm TiO; + 1 nm Pd. A calibrated photodetector
(Thorlabs PM100D with S120C head) was positioned behind each
sample and the incident power was normalized to that of bare FTO. The
chemical nature of the samples was determined using X-ray photoelec-
tron spectroscopy (XPS) with an ESCALAB 250 spectrometer (Thermo
Electron) and an Al Ka monochromatic source (1486.6 eV) for excita-
tion. The crystalline phase was analyzed using a Panalytical X’Pert Pro
diffractometer with Cu Ka radiation. Photoluminescence (PL) spectra
were recorded using a custom-built setup consisting of a 365 nm LED
excitation source (M365FP1, Thorlabs), bandpass-filtered with a 360 +
5 nm filter (FB360-10, Thorlabs). The backscattered PL emission was
collected through a long-pass filter (cutoff at 400 nm; FEL0400, Thor-
labs) and analyzed using an Andor 193i spectrometer coupled with an
Andor iDus CCD camera.

2.3. Study of degradation and mineralization of organic pollutants

To assess the catalytic efficiency of the synthesized materials, a
comprehensive study was conducted on the degradation and minerali-
zation of TC solutions. Experiments were performed in a 20 ppm TC
solution at pH 7 under various conditions: visible-light irradiation, UV-
light irradiation, the presence of PMS, and their combinations. In each
experiment, a sample of the corresponding deposited catalyst was
introduced into 3 mL of the TC solution. Prior to the catalytic study, all
samples were immersed in the TC solution under dark conditions for 30
min to establish adsorption—desorption equilibrium.

For experiments involving PMS, 30 uL of a freshly prepared

concentrated PMS solution was added to the 3 mL TC solution, resulting
in a final PMS concentration of 2.5 mM. Visible-light irradiation ex-
periments were conducted using a 1.6 W white LED strip (2.2 x 10> W
cm~2), while UV-light experiments were carried out using a UV-A source
(A = 365 nm, Darkbeam® flashlight) with an intensity of 1.6 x 1073w
em 2,
TC degradation was monitored by measuring the solution’s absor-
bance at regular intervals over a 90-minute period using a UV-vis
spectrophotometer (Shimadzu UV-1800). For the mineralization study,
total organic carbon (TOC) content was analyzed using high-
temperature combustion analysis (TOC-VCSH, Shimadzu).

To investigate the contribution of individual reactive species, radical
trapping experiments were carried out using the following scavengers:
benzoquinone (BQ, 1 mM) for superoxide radicals (0®7), methanol
(MeOH, 1 mM) for both hydroxyl (®OH) and sulfate radicals (SO®7),
tert-butyl alcohol (TBA, 1 mM) for ®0H radicals, and disodium ethyl-
enediaminetetraacetate (EDTA, 1 mM) for photogenerated holes (™.
Scavengers were added to the TC solution prior to light irradiation, and
the change in photocatalytic performance was monitored under both
UV-A and visible light conditions.

To elucidate the degradation pathway of TC, high-performance
liquid chromatography coupled with mass spectrometry (HPLC-MS)
analysis was performed after photocatalytic reactions using 5 nm SnO»-
BiOI and 5 nm TiO3-BiOI samples with PMS under UV-A and visible
light. The residual solution was filtered and analyzed using a Waters
Alliance 2695 HPLC system coupled to a ZQ 2000 mass detector in
positive ESI mode. A reversed-phase C18 column (150 x 4.6 mm, 5 pm)
was used with a gradient mobile phase of water (0.1 % formic acid) and
acetonitrile. The flow rate was 0.5 mL-min '. Mass spectra were
recorded in the range m/z 50-500. Intermediate products were identi-
fied based on their m/z values, and proposed transformation pathways
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were constructed based on chemical logic and prior literature.

To further evaluate the catalysts’ effectiveness against other con-
taminants, additional mineralization studies were conducted using two
single-pollutant solutions: 20 ppm LEV, and 5 ppm LAN. Additionally,
multipollutant (MP) solutions containing 5 ppm LEV, 5 ppm LAN, and
10 ppm TC were prepared in both Milli-Q (MQ) water and pre-filtered
tap water (TAP) to examine the influence of the water matrix on cata-
lytic performance. To evaluate the impact of representative ions on
photocatalytic mineralization, a multipollutant solution (5 ppm LEV, 5
ppm LAN, 10 ppm TC) in Milli-Q water was spiked with NaCl, NaHCOs,
NaN03, NaZSO4, N33PO4, KN03, Ca(N03)2, Mg(NOg)g, Fe(N03)3, and Cu
(NO3); at concentrations of 1, 5, and 10 mM. Mineralization efficiency
was measured after 30 min of UV-A or visible light irradiation in the
presence of 2.5 mM PMS using 5 nm SnO-BiOI and 5 nm TiO»-BiOI
photocatalysts. TOC removal was used to calculate relative mineraliza-
tion compared to control samples without added salts.

Catalyst stability was evaluated through a reusability study in multi-
pollutant solutions. Each sample underwent 10 consecutive 90-minute
cycles, with TOC measurements performed at the end of each cycle to
monitor mineralization efficiency.

2.4. Hydroxyl and sulfate radical generation of (Pd)-SnO-BiOI and
(Pd)-TiO2-BiOlI thin films

The concentrations of sulfate and hydroxyl radicals were determined
using spectrophotometric and fluorometric methods. Sulfate radical
concentrations were quantified via UV-visible spectrophotometry by
detecting the formation of Ce(IV) at 320 nm, based on the oxidation of
Ce(IIl). Hydroxyl radical concentrations were measured using sodium
terephthalate (NapTPA) as a fluorogenic probe, tracking the formation of
sodium hydroxyterephthalate (hTPA) through fluorescence spectros-
copy. A 1 mM NayTPA solution was prepared in a pH 7.4 buffer and
mixed with PMS. Fluorescence intensity was recorded using an
AMINCO-Bowman Series 2 spectrofluorometer, with excitation at 315
nm and emission at 425 nm, as hTPA exhibits strong fluorescence in this
range. Time-dependent fluorescence measurements were performed to
monitor hydroxyl radical formation under various heating conditions,
both with and without a catalyst. A calibration curve correlating fluo-
rescence intensity to known hTPA concentrations enabled hydroxyl
radical quantification [60].

2.5. Photostability of (Pd)-SnOx-BiOI and (Pd)-TiO2-BiOlI thin films

The photostability of thin films was assessed under visible and UV
light irradiation for 360 min in the presence and absence of PMS and/or
organic pollutant (180 ppm of TC). The integrity of the catalyst was
evaluated by quantifying bismuth, titanium, and/or tin ion concentra-
tions. Measurements were conducted using inductively coupled plasma
optical emission spectroscopy (ICP-OES, Optima 8300, PerkinElmer) for
concentrations in the ppm range, and inductively coupled plasma mass
spectrometry (ICP-MS, NexION 2000, PerkinElmer) for trace-level
detection in the ppb range. The presence of iodine species was deter-
mined via anion-exchange chromatography with postcolumn reaction
and UV/visible detection. A Dionex DX-500 ion chromatography system
was employed, equipped with a Dionex PC 10 reagent delivery module,
an ASRS-I membrane-exchange suppressor, and a Spectroflow 773
absorbance detector. Iodide separation was conducted using a Dionex
AG 11/AS 11 column with a 60 mM of sodium bromide (NaBr, Sigma-
Aldrich, CAS: 7647-15-6), 1 mM of sodium hydroxide (NaOH, Sigma-
Aldrich, CAS: 1310-73-2) eluent. Postcolumn reaction with 5 uM of
bromine (Bry, Sigma-Aldrich, CAS: 7726-95-6) in 2 mM NaOH converted
iodide to IBry, which was detected at 249.5 nm. All reagents were of the
highest purity, and standard solutions were freshly prepared in Milli-Q
water.
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3. Results and discussion

The ALD-engineered (Pd)-SnO;- and (Pd)-TiO,-BiOlI thin films were
rationally designed to (i) mitigate photocorrosion of BiOI and (ii)
enhance hydroxyl radical production under visible light irradiation,
thereby improving photocatalytic performance. ALD was selected due to
its precise, atomic-level control over nanometric thin-film deposition,
ensuring uniformity, conformality, and monolayer growth per cycle.
This makes ALD an ideal technique for depositing ultra-thin layers of
TiO5 or SnO; and Pd nanoparticles on BiOL. The material selection for
these heterojunctions was based on key optoelectronic and photo-
catalytic properties, including electron mobility, charge separation,
light absorption, bandgap of metal oxides, and electron transport effi-
ciency, all of which contribute to enhanced degradation of organic
pollutants via PMS activation.

In the BiOI/TiO2 heterojunction, a type-II band alignment is formed
due to their distinct energy band positions (Scheme 1). BiOl, with its
narrow bandgap (~1.8-2.0 eV), has a conduction band minimum (CBM)
at approximately —4 eV and a valence band maximum (VBM) at
approximately —5.8 eV, enabling visible-light absorption. Valence band
value of BiOI is too low to form eOH, because oxidation potential of h™ is
lower than redox potential ®0OH/OH (E° = 2.38V) (59, 60) [37,61-63].
In contrast, TiO5, a wide-bandgap semiconductor (~3.2 eV), has its CBM
at approximately —4.2 eV and VBM at approximately —7.4 eV, making it
UV-active and an effective electron transport layer. The staggered band
alignment facilitates charge separation, as photogenerated electrons
migrate from the CB of BiOI to TiO,, while holes migrate from TiO; to
BiO], reducing recombination losses. This charge redistribution prevents
electron accumulation in BiOI, thereby enhancing charge lifetime, while
also preventing hole accumulation in TiO, which could otherwise lead
to recombination losses. The spatial separation of charge carriers at
different material interfaces further reduces recombination, extending
charge carrier lifetimes and improving optoelectronic and photo-
catalytic performance [62,64-68].

Similarly, in the BiOI/SnO; heterojunction, a type-II band alignment
is also formed due to their distinct energy band positions, facilitating
efficient charge separation and transfer (Scheme 1). BiOI has a CBM at
approximately —4 eV and VBM at approximately —5.8 eV, allowing
visible-light absorption, while SnO5, with a wider bandgap (~3.3-3.6
eV), has its CBM at —4.5 eV and VBM at —8.0 eV, primarily absorbing
UV light. A key advantage of SnO is its significantly higher electron
mobility (~100-200 cm? Vs compared to TiOy (~0.1-10 cm? V'
1571y, which enhances charge transport efficiency [62,64-66,69]. The
staggered band alignment allows electrons to transfer from BiOI to SnOs,
while holes migrate from SnO5 to BiOl, further improving charge sep-
aration and minimizing recombination. Upon illumination, BiOI gen-
erates electron-hole pairs, which, in the absence of SnO,, would rapidly
recombine, reducing efficiency. However, the BiOI/SnO3 heterojunction
prevents electron accumulation, thereby improving charge carrier life-
time, oxidation efficiency, and overall photocatalytic activity
[62,64-66,68]. The proposed band edge positions and charge transfer
directions were deduced based on literature-reported conduction and
valence band values for BiOI, SnO,, and TiO,, combined with our PL
quenching results (see section 3.1 and 3.2), which are consistent with
efficient charge separation expected for type-II heterojunctions.

The BiOI/SnO5 heterojunction exhibits superior performance over
BiOI/TiO, primarily due to the higher electron mobility of SnO5, which
results in faster charge transfer and lower recombination rates. While
both heterojunctions benefit from visible-light absorption (BiOI) and UV
activity (metal oxide), SnO; serves as a more effective electron transport
layer, enhancing conductivity. Although TiO; has a slightly lower
bandgap, this difference is negligible compared to the superior charge
transport and photocatalytic efficiency of BiOI/SnO».

While TiO, and SnO; improve charge separation and reduce
recombination losses, they do not fully eliminate photocorrosion risks.
The incorporation of SnO, and TiO, on BiOlI is thus justified not only by



L. Huidobro et al.

Energy / eV
A
1 BiOl Sno, TiO,
-4 = CB
-5 E;=20ev
E;=3.2eV
-6 E;=3.6eV
-7k
§ vB
-8 —
VB
v
Vacuum

Materials & Design 257 (2025) 114375

electron
sink

H,0

Scheme 1. Band edge positions in vacuum for BiOI, SnO,, and TiO,, along with a schematic representation of Pd-SnO, and Pd-TiO,-BiOI Type II heterojunctions,

incorporating a palladium Schottky junction.

their type-II band alignment but also by their established roles in facil-
itating PMS activation, as demonstrated in prior PMS-driven AOP sys-
tems. These oxides create efficient pathways for electron transfer, which
reduces recombination losses and enhances the generation of SO4e™
radicals, making them ideal candidates for heterostructure engineering
in sulfate-radical-based water purification technologies. The addition of
a Pd nanoparticles onto BiOI/TiO; or BiOI/SnO, further enhances sta-
bility by acting as an electron sink, catalyzing oxygen reduction re-
actions, and redirecting photogenerated electrons away from BiOI,
thereby reducing recombination and slowing self-oxidation. The for-
mation of a Schottky junction at the Pd-metal oxide interface prevents
electron backflow and facilitates rapid electron transfer, increasing
charge carrier lifetime. Furthermore, localized surface plasmon reso-
nance in Pd nanoparticles enhances charge separation, while Pd’s cat-
alytic activity inhibits iodide oxidation, preventing BiOI degradation.
However, Pd modification may suppress hydroxyl radical formation,
which could affect pollutant mineralization efficiency. This occurs
because Pd catalyzes direct oxygen reduction, reducing the formation of
superoxide and subsequent hydroxyl radicals.

To address these challenges, five different BiOI-based heterojunction
materials were systematically investigated, focusing on photocorrosion
activity, hydroxyl radical generation, and visible-light-driven PMS-
activated mineralization of organic pollutants. The results provide
critical insights into the role of Pd, SnOs, and TiO» in enhancing pho-
tostability, charge transport, and catalytic efficiency, ultimately guiding
the rational design of advanced visible light-driven PMS-activated
mineralization of organic pollutants.

3.1. Synthesis and characterization of (Pd)-SnO-BiOI and (Pd)-TiO2-
BiOl thin films

The synthesis of BiOI thin films was carried out via electrodeposition
on 0.8 cm? FTO glass, resulting in a uniform orange colored film. A total
charge of 0.35 C was applied to achieve a film thickness of approxi-
mately 1 um. The electrodeposited BiOI films morphology was examined
using FE-SEM, revealing vertically oriented nanoplates with consistent
thicknesses and shape, randomly arranged in various directions, often
intersecting each other (Fig. S1).

Following the BiOI electrodeposition, nanometric layers (1 nm, 5 nm
and, 10 nm) of SnO; or TiO, were conformally deposited on BiOI via
ALD. Immediately after deposition, the samples appeared black due to
the elevated temperature of the ALD process but reverted to their native

orange color upon cooling to room temperature. Subsequently, an
additional Pd nanoparticle layer was deposited on SnO,-BiOI and TiO»-
BiOI samples via ALD. Unlike the SnO; and TiO; coatings, Pd-modified
samples retained their black coloration even after cooling, indicating
potential changes in optical or electronic properties.

The morphology of the samples was further analyzed using FE-SEM
(Fig. 1). Morphology analysis did not show relevant differences be-
tween 1 nm, 5 nm and 10 nm thickness of SnO3 and TiOj films. The 5 nm
Sn0,-BiOI (Fig. 1a) and 5 nm TiO2-BiOI (Fig. 1b) samples did not exhibit
significant morphological changes compared to pristine BiOI (Fig. S1a).
The characteristic nanoplate structure of BiOI was preserved, confirming
that the ALD deposition process did not alter BiOI morphology while
ensuring the homogeneous deposition of SnO; and TiO,. However, after
Pd deposition (Fig. 1c, 1d), small spherical agglomerates were observed
on the nanoplates, particularly in the Pd-SnO»-BiOI samples. These
features likely result from Pd mobility during the nucleation phase,
leading to localized aggregation on the BiOI surface. Elemental distri-
bution was further assessed via EDS mapping (Fig. S1b-g), which
revealed uniform deposition of Sn and Ti across the BiOI film surface.
Although Pd was not resolved in the elemental maps due to its low
content and the nanoscale dimensions of the deposited particles, its
presence was confirmed by XPS analysis.

To further verify that the ALD-grown SnO, and TiO; layers do not
block incident light from reaching the BiOI layer, optical power trans-
mission measurements were carried out under the same UV-A and
visible-light conditions used during photocatalytic experiments. Sub-
strates containing 5 nm of SnO; or TiO,, with and without Pd (1 nm
equivalent thickness), were tested. The measurements show that the
oxide layers alone transmit over 93 % of visible light and ~87 % of UV-
A. When coated with Pd, a slight reduction in transmission (~3-5 %)
was observed, yet the overall light penetration remained high (above
80-85 % in UV-A). These data confirm that the ALD layers do not
significantly limit photon flux to the BiOI nanosheets and support the
validity of the heterojunction model presented in Scheme 1.

Fig. 2 shows the characterization of the surface chemical nature
using XPS. Bi 4f, I 3d, and O 1s spectra were analyzed in all samples to
evaluate if BiOI film was modify after ALD. The binding energies ob-
tained from the XPS analysis were calibrated for specimen charging by
referencing the C 1s peak at 284.6 eV. The Bi 4f, I 3d, and O 1s spectra
were analyzed for all samples. SnO5 and TiO» thickness variation did not
show significant differences in XPS analysis. Fig. 2 shows 5 nm SnO5
—BiOI and 5 nm TiO,-BiOI synthetized samples. The Bi 4f peaks at 159.3
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Fig. 1. FE-SEM micrograph of (a) SnO-BiOl, (b) TiO»-BiO]l, (c) Pd-Sn0O,-BiOl, and (d) Pd-TiO,-BiOI thin films. Scale bar: 100 nm.
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eV and 164.6 eV, corresponding to Bi>" 4f;,5 and Bi®" 4fss, respec-
tively, confirm the presence of [Bizoz]2+ Bi-O bonds. Similarly, the I 3d
peaks at 619.2 eV and 630.6 eV, corresponding to I 3ds,; and I 3dss,
were observed in all samples. The alignment of Bi 4f and I 3d peaks
across all samples indicates that the BiOI films retain their original
oxidation states, confirming that ALD deposition did not alter the BiOI
chemical composition [27,31].

Differences among the samples were primarily observed in the O 1s
spectra, where an asymmetric peak at 529.7 eV confirmed the presence
of Bi-O bonds in all samples. A shoulder peak at 531.3 eV, associated
with hydroxyl groups from adsorbed water, varied slightly among
samples, likely due to differences in surface humidity. The Sn 3d spec-
trum of the SnO,-BiOI sample exhibited peaks at 486.5 eV and 495.0 eV,
corresponding to Sn 3ds,/2 and Sn 3d3/, confirming the presence of sn**
species [38,70]. Similarly, the Ti 2p spectrum of the TiO2-BiOI sample
exhibited peaks at 458.7 eV and 464.1 eV, corresponding to Ti 2ps,» and
Ti 2py 2, indicating the presence of Ti** species [71,72]. Additionally,
Pd deposition was confirmed in Pd-SnO,-BiOI and Pd-TiO,-BiOI sam-
ples, as shown in Fig. 2d. The Pd 3d spectrum exhibited peaks at 335.4
eV and 340.5 eV, corresponding to Pd 3ds,5 and Pd 3d3 /5, confirming the
presence of Pd° species. The asymmetry of these peaks suggests in-
teractions between Pd and other surface species [73].

Furthermore, XRD analysis (Fig. S2a) confirmed the formation of
tetragonal-phase BiOI, based on the characteristic reflection peaks at
approximately 20 = 29.8°, 31.7°, 45.4°, and 55.3°, which match the
JCPDS card No. 73-2062. Additional peaks observed at 20 = 26.6°,
34.0°, 37.8°, 46.6°, 51.6°, 56.7°, and 61.8° correspond to the FTO
substrate. However, in SnO2-BiOI and TiO2-BiOI samples, no distinct
diffraction peaks corresponding to SnOy or TiO, were detected, sug-
gesting that the ultrathin SnO, and TiO layers deposited via ALD were
below the XRD detection limit. Additionally, the possibility that these
oxide layers were partially or fully amorphous cannot be excluded, as
ALD-grown films at low temperatures often exhibit limited crystallinity.
These results indicate that the deposition did not introduce significant
structural differences between the samples [27,31].

To gain further insights into the charge separation efficiency of the
synthesized photocatalysts, steady-state PL spectra were recorded under
365 nm excitation (Fig. S2b). All tested samples exhibited a broad
emission band between 525 and 700 nm, attributed to radiative
recombination of photoinduced electron-hole pairs in BiOI-based
structures. Pristine BiOI showed the highest PL intensity, indicating
rapid recombination. In contrast, both 5 nm SnO,-BiOI and 5 nm
TiO2-BiOI heterojunctions exhibited significantly quenched PL signals,
confirming that the formation of type-II heterostructures effectively
suppresses recombination by promoting directional charge transfer
across the heterojunction interface. Even more strikingly, Pd-decorated
heterostructures (Pd-TiO»-BiOI and Pd-SnO-,-BiOI) demonstrated the
lowest PL intensities among all tested samples. This attenuation reflects
the role of Pd nanoparticles as electron sinks due to the formation of
Schottky junctions at the metal-semiconductor interface, further
enhancing charge separation and prolonging charge carrier lifetime.
These findings validate the synergistic function of type-II hetero-
junctions and Schottky barriers in suppressing charge recombination
and improving photocatalytic performance, as previously hypothesized.

3.2. PMS catalytic degradation and mineralization of organic pollutants

To evaluate the contribution of surface adsorption prior to PMS
activation, adsorption-desorption equilibrium tests were conducted
under dark conditions for all catalyst systems. TC adsorption was
measured after 30 min of equilibration in the absence of light and PMS.
The results showed moderate adsorption percentages: 17 %, 13 %, and 9
% for 1, 5, and 10 nm SnO»-BiOI films, respectively, and 14 %, 11 %, and
8 % for the corresponding TiO,-BiOlI films. Notably, Pd-functionalized
heterojunctions exhibited the highest adsorption levels, with 23-24 %
for Pd-Sn02-BiOI and 19-21 % for Pd-TiOo-BiOI. These values confirm
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that although surface adsorption contributed to initial pollutant uptake,
the dominant removal mechanism arose from PMS activation under
illumination, as evidenced by the sharp increase in degradation rates
upon PMS addition.

In parallel, the effect of pH and catalyst surface charge was evaluated
based on the point of zero charge (pH) of the heterostructures.
Literature values indicate that TiO, and SnO, possess pHyp values be-
tween 5.5 and 6.5 and 4.0-5.0, respectively, with Pd decoration slightly
lowering these thresholds due to increased surface acidity. At the
experimental pH (~7.0), TiOs- and SnO,-based films exhibit a slightly
negative surface charge, while tetracycline predominantly exists in a
zwitterionic form. Although this does not result in strong electrostatic
attraction, the lack of repulsion — combined with the presence of both
positively and negatively charged sites on TC — supports sufficient
interaction between the catalyst surface and the antibiotic. This prox-
imity facilitates radical-mediated degradation once PMS is activated
under illumination.

Therefore, the photocatalytic degradation of TC was investigated
using a 20 ppm solution at pH 7 over a 90-minute period under various
conditions: visible or UV light irradiation, the presence of PMS (2.5
mM), and their combinations. Prior to the degradation and mineraliza-
tion experiments, the stability of the TC solution was assessed in the
absence of light and PMS, confirming no significant TOC variations over
60 days. Different thicknesses (1 nm, 5 nm and 10 nm) of SnO5 and TiO,
layers were deposited via ALD on electrodeposited BiOI film, so this
study also aims to determine the optimal thickness of the deposits to
maximize the efficiency of the base-material for the degradation and
mineralization of pollutants. Once optimal thickness for photocatalysis
was determined, Pd nanoparticles added via ALD was evaluated in terms
of photocatalysis efficiency.

BiOI exhibited moderate photocatalytic activity, serving as the
benchmark for comparison with heterojunction systems (Fig. S3). Under
visible light, BiOI achieved 22.4 + 0.9 % degradation and 12.45 + 1.2 %
mineralization, indicating limited electron-hole separation and low
mineralization efficiency. The presence of PMS improved performance,
increasing degradation to 48.4 + 1.3 % and mineralization to 36.0 +
0.6 %, demonstrating PMS activation in BiOI-driven photocatalysis.
Under UV light, degradation reached 66.7 + 1.0 %, with 48.0 + 0.7 %
mineralization, highlighting the improved efficiency under higher-
energy irradiation. The best performance was recorded under UV +
PMS conditions, where degradation reached 83.1 + 0.9 % and miner-
alization 75.0 + 1.2 %, suggesting enhanced oxidative degradation due
to the synergistic effect of UV irradiation and PMS activation. However,
despite these improvements, BiOI's photocatalytic efficiency remained
lower than that of SnO»-BiOI and TiO-BiOI heterojunctions, indicating
that additional modifications are required to enhance its charge sepa-
ration and stability.

Fig. S4 illustrates the degradation of TC over 90 min for samples with
different film thicknesses under various conditions. The results for SnO5-
BiOI (Fig. S4a and 3a) indicate that under UV + PMS conditions, all
SnO, thicknesses exhibit similar degradation performance (~86 %).
However, in other cases, a 5 nm SnO; film outperforms a 1 nm film. The
degradation efficiency increases from 37.6 + 0.7 % (1 nm SnO5) to 61.4
+ 0.1 % (5 nm SnO») under visible light, from 53.8 &+ 0.5 % to 63.4 +
1.1 % under visible + PMS, from 68.6 + 0.4 % to 77.1 + 1.5 % under UV
light, and from 52.9 + 1.3 % to 57.1 + 1.2 % in PMS (absence of light).

However, increasing the SnO; thickness to 10 nm results in reduced
degradation efficiency: 50.2 + 0.5 % under visible light, 58.8 + 1.3 %
under visible + PMS, 71.9 + 1.2 % under UV light, and 43.4 + 0.9 % in
PMS (dark conditions). These results confirm that a nanometric SnO,
layer enhances the contaminant degradation efficiency of BiOl, but
beyond a certain thickness, efficiency decreases possibly because
excessive SnO, coverage inhibits the synergistic effect with BiOI. The
optimal thickness for TC degradation is determined to be 5 nm. These
findings confirm that the photocatalytic properties of SnO5-BiOI effec-
tively promote PMS activation, particularly under UV light, achieving
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high TC degradation.

For the TiO2-BiOI samples, a 5 nm TiO2 deposit significantly en-
hances degradation performance compared to a 1 nm film (Fig. S4b and
3b). The degradation efficiency increases from 50.9 + 1.7 % to 62.3 +
2.9 % under visible irradiation, from 80.7 + 0.2 % to 89.8 + 2.9 %
under visible light + PMS, from 82.2 + 1.1 % to 92.7 £+ 0.2 % under UV
irradiation, and from 87.7 + 2.2 % to 95.2 + 2.1 % under UV + PMS
conditions. Additionally, when the TiO5 thickness is increased to 10 nm,
degradation performance decreases to 56.6 + 2.1 % (visible irradia-
tion), 80.1 #+ 1.1 % (visible + PMS), 77.8 4 1.1 % (UV irradiation), and
85.6 + 1.2 % (UV + PMS). Under PMS in dark conditions, degradation
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remains similar across all thicknesses (~66 %). These results confirm
that the optimal TiO; thickness for TC degradation is 5 nm. The 5 nm
TiO2-BiOI samples demonstrate excellent degradation performance
under UV irradiation, highlighting the high photocatalytic properties of
the material. Furthermore, the high efficiency observed under visible
light + PMS (89.8 + 2.9 %) confirms that 5 nm TiO»-BiOI is an optimal
candidate for real-world water treatment applications.

To further evaluate catalytic efficiency, an additional Pd nano-
particle layer was deposited on the 5 nm SnO,-BiOI and 5 nm TiO,-BiOI
samples, as they exhibited the best performance (Fig. S4c and 3c). For
Pd-Sn0,-BiOl, degradation under UV irradiation is significantly reduced
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Fig. 3. TC degradation and mineralization performance as a function of SnO, and TiO, thickness in different catalytic systems after 90 min of treatment. (a)
Performance of SnO,-BiOI and (b) TiO»-BiOI with oxide thicknesses of 1 nm (left), 5 nm (center), and 10 nm (right). (¢) Comparison of degradation and mineral-
ization efficiency for Pd-SnO,-BiOI and Pd-TiO,-BiOI under different conditions. In Pd-based materials, the SnO, and TiO, thickness is fixed at 5 nm. Experimental
conditions: [TC]o = 20 ppm, [PMS], = 0 or 2.5 mM, T = 25 °C. All experiments were conducted in triplicate, and error bars represent standard deviations.
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to 20.7 & 1.7 %. Under PMS in darkness and UV irradiation, similar
degradation levels are observed, reaching 55.1 + 1.3 % and 55.7 + 1.6
%, respectively, indicating that the Pd deposit negatively impacts the
catalytic capacity in these conditions. However, under visible light, both
with and without PMS, Pd-SnO,-BiOI outperforms the non-Pd samples,
achieving 80.8 & 1.1 % and 77.9 + 1.3 % degradation, respectively. In
contrast, Pd-TiO2-BiOI samples exhibit lower degradation efficiencies
than their non-Pd counterparts: 15.2 + 0.9 % under visible light, 18.6 +
1.7 % under UV light, 37.9 + 1.0 % under PMS in darkness, 58.2 + 0.7
% under UV + PMS, and 78.8 + 1.6 % under visible light + PMS. These
results indicate that Pd deposition on TiO»-BiOI is not beneficial for
water treatment, as it reduces TC degradation efficiency.

Mineralization efficiency, assessed via TOC analysis, was lower than
degradation efficiency across all samples, indicating that while TC
degraded into smaller compounds, complete mineralization to CO5 and
H,0 was not achieved within 90 min.

For SnO»-BiOI samples (Fig. 3a), a 5 nm SnO, layer significantly
outperformed a 1 nm layer, achieving higher mineralization under all
conditions: 44.9 4 1.4 % vs. 25.5 4 0.3 % (PMS, dark), 47.9 4= 1.9 % vs.
38.2 + 1.5 % (visible), 55.8 & 1.8 % vs. 44.1 + 2.1 % (visible + PMS),
66.0 = 1.6 % vs. 55.4 £ 1.3 % (UV), and 78.3 + 0.3 % vs. 62.8 = 1.7 %
(UV + PMS). Increasing SnO; thickness to 10 nm reduced mineralization
in all cases. Fig. 3 also verifies that UV + PMS provides the most efficient
mineralization pathway.

For TiO,-BiOI (Fig. 3b), the 5 nm TiO, sample exhibited the highest
mineralization performance: 47.6 + 1.4 % (visible), 50.4 + 1.7 % (PMS,
dark), 75.7 + 2.0 % (visible + PMS), 79.2 + 1.3 % (UV), and 84.8 + 1.5
% (UV + PMS), outperforming 1 nm and 10 nm deposits. These results
confirm 5 nm TiO,-BiOI as an optimal candidate for water decontami-
nation, particularly under visible and UV light for PMS activation.

Since 5 nm SnO,-BiOI and 5 nm TiO,-BiOI exhibited the best per-
formance, their mineralization was further evaluated after Pd deposition
via ALD (Fig. 3c). The highest mineralization occurred under visible +
PMS conditions, reaching 65.9 + 2.5 % (Pd-Sn0,-BiOI) and 58.0 + 1.4
% (Pd-TiO»-BiOI). However, under visible light (without PMS), Pd-
Sn0,-BiOI maintained higher mineralization (50.3 + 1.4 %), whereas
Pd-TiO,-BiOI dropped significantly (10.3 + 1.3 %). PMS in darkness
yielded similar results for both (41.9 + 0.7 % vs. 31.1 + 2.4 %). Under
UV conditions, Pd deposition negatively impacted performance, with
Pd-Sn0,-BiOI achieving only 36.7 + 0.9 % (UV + PMS) and 17.7 + 1.2
% (UV), while Pd-TiO»-BiOI reached 42.0 £ 2.1 % (UV + PMS) and 15.0
+ 1.9 % (UV). Therefore, Pd deposition only enhanced mineralization
for Pd-Sn0,-BiOI under visible light (with and without PMS), while it
negatively affected Pd-TiO,-BiOI performance across all conditions. This
contrasting behavior can be attributed to differences in band alignment,
charge transfer dynamics, and the interaction of Pd with the underlying
oxide. In the SnO5-BiOI system, BiOlI is primarily responsible for light
absorption, and Pd acts as an efficient electron trap via Schottky junction
formation, promoting charge separation and enhancing PMS activation.
Under UV-A, SnO, does not strongly compete with BiOI for excitation,
allowing the beneficial role of Pd to persist. In contrast, TiOy absorbs
UV-A efficiently, and photogenerated electrons in TiO, may preferen-
tially transfer to Pd rather than migrate across the TiO2-BiOI interface.
This alternative pathway may suppress the formation of a Type-II charge
separation and diminish photocatalytic efficiency. Furthermore, the
higher conduction band level of TiO, compared to SnO, enhances
electron transfer to Pd, which can alter the charge separation dynamics.
In TiO,-based heterostructures, this may suppress interfacial charge
transfer to BiOI and reduce ROS generation via PMS activation, espe-
cially if electrons accumulate excessively on Pd or bypass key reaction
pathways. These findings highlight that while Pd effectively enhances
visible-light-driven activity in both systems, its influence under UV-A is
dictated by the photoactive component, band alignment, and competi-
tive electron pathways. This underscores the need to adapt cocatalyst
strategies to the specific semiconductor pairing and irradiation regime.

Importantly, the effects of PMS concentration and solution pH on
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mineralization efficiency were systematically investigated under both
UV-A and visible light conditions, revealing that optimal degradation
occurs at 5-7.5 mM PMS and pH 6.0-7.0, as detailed in Tables S1 and S2.

To elucidate the photocatalytic mechanism of 5 nm SnO,-BiOI and 5
nm TiO2-BiOI heterostructures in PMS-assisted degradation of TC,
radical trapping experiments were performed using specific scavengers
(Fig. S5). The impact on degradation efficiency allowed the identifica-
tion of the dominant reactive species. Without scavengers, degradation
efficiencies reached 86.1 + 1.2 % (UV + PMS) and 63.4 + 1.1 % (visible
+ PMS) for Sn0»-BiOl, and 95.2 + 2.1 % (UV + PMS) and 89.8 + 2.9 %
(visible + PMS) for TiO»-BiOI. The addition of BQ, a superoxide radical
(0®) quencher, caused moderate declines: 71.5 + 1.3 % (UV) and 53.3
+ 1.8 % (visible) for Sn0O,-BiOIl, and 81.9 4+ 1.8 % (UV) and 74.4 - 1.4
% (visible) for TiO2-BiOI. This suggests a contributory, though second-
ary, role of O®~. Methanol, a quencher of both hydroxyl (®OH) and
sulfate (SO® ) radicals, caused a drastic drop in efficiency — below 11 %
(UV) and 17 % (visible) for both heterostructures — highlighting the
central role of these species, especially under UV irradiation. TBA, se-
lective for ®OH, also significantly reduced activity: 43.2 & 2.3 % (UV)
and 38.4 4 1.0 % (visible) for Sn0O,-BiOIl, and 48.6 & 1.3 % (UV) and
53.9 + 2.4 % (visible) for TiO,-BiOl. This points to ®OH radicals as
major contributors, though the more severe inhibition by MeOH implies
SO®~ plays a more pivotal role in early degradation steps. EDTA, a hole
(h™) scavenger, reduced degradation by less than 6 % across all condi-
tions, indicating a minor role of h™ in the process. In summary, hydroxyl
and sulfate radicals are the dominant reactive species in the photo-
catalytic PMS activation mechanism of TC degradation by SnO2-BiOI
and TiO,-BiOI heterostructures. These insights provide a foundation for
optimizing photocatalyst design to enhance ROS generation and
improve degradation efficiency.

In addition, the photocatalytic degradation of TC by 5 nm SnO,-BiOI
and 5 nm TiO»-BiOI samples was investigated through HPLC-MS anal-
ysis to identify intermediate products (Fig. S6). Plausible degradation
pathways were proposed for the SnO5-BiOI + PMS and TiO,-BiOI + PMS
systems based on the detected species (Fig. S7). TC molecules contain
electron-rich functional groups, including double bonds, phenol moi-
eties, and amino groups, which exhibit heightened susceptibility to
attack by ROS. The degradation process can be broadly divided into four
stages: hydroxylation, demethylation, ring opening, and eventual
mineralization into small organic fragments. Comparable results were
obtained for 5 nm SnO,-BiOI and 5 nm TiO,-BiOI under both UV-A and
visible-light irradiation conditions employed during the photocatalytic
experiments.

The parent compound, TC, has an initial mass-to-charge ratio (m/z)
of 445. In the initial phase of degradation, hydroxylation results in the
formation of P1 (m/z = 459) and P4 (m/z = 477). In Pathway I, the
continuation of the ROS attack causes P1 to undergo water molecule
desorption, deamidation, and demethylation, successively forming P4
(m/z = 459), P2 (m/z = 400), and P3 (m/z = 343). In Pathway II, P4
undergoes a series of chemical reactions, including demethylation and
amino group cleavage, resulting in the formation of P5 (m/z = 340). This
is followed by further processing through dehydroxylation, methylation,
additional amine cleavage, and ring opening, culminating in the pro-
duction of P6 (m/z = 230). In Pathway III, a sequential loss of methyl,
amino, carbonyl, and hydroxyl groups, accompanied by ring cleavage,
results in the generation of intermediates P7 (m/z = 417), P8 (m/z =
362), and P9 (m/z = 227). These intermediate species then undergo
further oxidative fragmentation, including aromatic ring cleavage and
removal of residual functional groups, yielding smaller molecules such
as P10 (m/z = 90), P11 (m/z = 85), and P12 (m/z = 73). These low-
molecular-weight compounds signify advanced stages of degradation,
which ultimately result in complete mineralization into CO3, H20, and
inorganic ions.

Given the superior performance of 5 nm SnO5-BiOI and 5 nm TiO»-
BiO], their photocatalytic versatility was assessed through TOC analysis
in different contaminant solutions: 20 ppm levofloxacin (LEV), 5 ppm
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lansoprazole (LAN), and a multipollutant solution (MP) containing 5
ppm LEV, 5 ppm LAN, and 10 ppm TC. To evaluate real-world appli-
cability, experiments were also conducted in tap water (collected from
the University of Barcelona, pH 7.75, total hardness 234 mg CaCOs L’l,
TOC 4.9 ppm). The mineralization study was performed under UV +
PMS and Vis + PMS, the previously identified optimal degradation
conditions.

Both SnO,-BiOI and TiO»-BiOI demonstrated superior mineralization
under UV + PMS compared to Vis + PMS, emphasizing the role of UV
light in PMS activation (Fig. 4). The highest mineralization efficiency for
both materials was observed in 5 ppm LAN solutions, reaching 91.7 +
2.0 % (SnO2-BiOI) and 98.2 + 1.3 % (TiO2-BiOI) under UV + PMS.
However, under Vis + PMS, mineralization efficiency dropped, with
TiO92-BiOI showing a particularly significant decrease (47.8 %), sug-
gesting a lower visible-light response for TiO2-BiOI in PMS activation for
LAN oxidation.

Interestingly, the multipollutant solution in tap water (MP-TAP)
exhibited better mineralization than the same solution in Milli-Q water
(MP-MQ). This effect was more pronounced for SnO5-BiOI, where MP-
TAP mineralization reached 85.7 + 1.1 % (UV + PMS) and 76.5 +
0.9 % (Vis + PMS), compared to MP-MQ (79.4 + 2.0 % and 62.7 + 1.2
%, respectively). This suggests that the presence of metal cations (e.g.,
Ca?*, Mg?", Na™) and anions (e.g., CI~, SO37) and natural organic
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matter in tap water may enhance PMS activation and radical generation,
as reported in previous studies where ion-mediated PMS activation
promoted hydroxyl and sulfate radical formation.

For TiO,-BiOI, MP-TAP also exhibited enhanced mineralization,
achieving 95.3 + 1.4 % (UV + PMS) and 78.5 + 0.4 % (Vis + PMS),
further confirming the positive influence of natural water constituents
on photocatalytic performance. However, its superior performance
under UV light suggests that TiO,-BiOI remains more efficient under
high-energy irradiation conditions.

To further elucidate the influence of real water matrix constituents,
we investigated the effect of various inorganic ions on photocatalytic
mineralization in Milli-Q water supplemented with selected salts at
environmentally relevant concentrations. As detailed in Tables S3 and
S4, monovalent cations (Na™, K™) and common anions such as NO3 and
SO~ showed negligible impact on mineralization, while divalent cat-
ions (Ca®*, Mg®") induced mild inhibition. Interestingly, bicarbonate
(HCO3) and phosphate (PO?;_) consistently enhanced mineralization
across all concentrations and light conditions. These findings align with
recent studies showing that carbonate and phosphate species can act as
co-catalysts in PMS activation, improving degradation kinetics by
expanding the oxidative route beyond hydroxyl and sulfate radicals.
Additionally, Fe(Ill) and Cu(Il) enhanced PMS activation and ROS
generation, particularly under UV-A irradiation. These observations are
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consistent with the improved mineralization noted in tap water, which
contains natural levels of Ca®*, Mg?*, Na*, C1~, and SO3". Collectively,
these results emphasize the critical role of matrix composition in
determining catalytic performance and support the applicability of BiOI-
based heterostructures for real-world water treatment. Although specific
ions at moderate to high concentrations may inhibit photocatalytic PMS
mineralization in simplified systems, the natural ionic balance, buffering
capacity, and presence of trace redox-active metals in tap water can
synergistically enhance PMS activation and ROS-mediated degradation.
This likely explains the superior mineralization observed in tap water
compared to ultrapure Milli-Q water, highlighting the robustness and
practical potential of the proposed heterostructured catalysts in complex
environmental matrices [4,18,74-771].

A key factor in practical applications is catalyst stability over mul-
tiple cycles (Fig. 4). The reusability study revealed gradual efficiency
losses over 10 cycles, with TiO»-BiOI maintaining higher stability than
Sn0,-BiOlL. In MP-MQ, SnO5-BiOI mineralization declined by 14.3 %
(UV + PMS) and 17.8 % (Vis + PMS), while in MP-TAP, the losses were
10.8 % (UV + PMS) and 22 % (Vis + PMS). The greater decline in
visible-light conditions suggests that photocorrosion or surface deacti-
vation may be more prominent under lower-energy irradiation. In
contrast, TiO2-BiOI showed significantly lower losses, particularly under
UV light (only 3.4 % in MP-TAP and 3.8 % in MP-MQ), reinforcing its
long-term stability.

The lower stability of SnO,-BiOI could be attributed to surface
oxidation, leaching, or passivation effects, which are more pronounced
in visible-light-driven reactions. TiO2, known for its chemical robustness
and resistance to photocorrosion, retained better activity even after
prolonged cycling. The stability results align with prior studies, where
Sn-based oxides demonstrated high initial activity but lower long-term
stability compared to TiOz-based systems.

These findings provide valuable insights for practical water treat-
ment applications. The results demonstrate that UV + PMS activation
remains the most effective approach for pollutant mineralization, rein-
forcing the potential of TiO»-BiOlI for high-efficiency, long-term use in
advanced oxidation processes. However, SnO»-BiOI exhibits promising
adaptability for visible-light-driven mineralization, particularly in nat-
ural water matrices, where ionic species can enhance radical formation
and improve efficiency. Furthermore, the observed mineralization
enhancement in tap water highlights the need to consider water chem-
istry when designing photocatalytic treatment systems. The presence of
alkalinity, hardness, and mineral ions may significantly influence PMS
activation and pollutant degradation, suggesting that future research
should focus on optimizing catalyst performance under complex envi-
ronmental conditions.

To benchmark our materials against current photocatalysts, a
comparative analysis is presented in Table S5, summarizing key per-
formance metrics — including degradation efficiency, and mineraliza-
tion — from recent PMS-based advanced oxidation systems [78,79].
Although direct comparisons must be made cautiously due to differences
in experimental setups (e.g., pollutant type, initial concentration, light
source, pH, catalyst dose, and PMS loading), this table offers a qualita-
tive overview of the state-of-the-art. Remarkably, our Pd-SnO2-BiOI
and Pd-TiOo-BiOI thin films exhibit superior or comparable minerali-
zation degrees and degradation kinetics under both UV-A and visible-
light conditions. In particular, their performance in real tap water
matrices, without the need for pH adjustment, highlights their practical
applicability and robustness. These findings confirm that the combina-
tion of ALD-engineered heterojunctions and PMS activation provides a
highly competitive and scalable solution for the removal of emerging
contaminants from aqueous environments.

3.3. Hydroxyl and sulfate radical generation of (Pd)-SnO2-BiOI and
(Pd)-TiO2-BiOlI thin films

Fig. 5 provides valuable insights into the generation of hydroxyl and
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sulfate radicals by BiOl-based heterojunction materials under dark
conditions and UV and visible light irradiation, both in the presence and
absence of 2.5 mM PMS. For these experiments, the SnO5 and TiO5
thickness was analyzed only for samples with a thickness of 5 nm.

The concentration of Ce(IV) serves as a quantitative measure of
sulfate radical generation. As shown in Fig. 5a, PMS alone yields the
lowest Ce(IV) concentration across all tested materials. Among them,
BiOI exhibits the weakest performance, whereas Pd-SnO5-BiOI achieves
higher Ce(IV) concentration under the same conditions. This suggests
that SnO, and Pd modifications significantly enhance BiOI's catalytic
efficiency, even without light activation. The TiO-based composites
(TiO2-BiOI and Pd-TiO,-BiOI) also exhibit higher Ce(IV) concentrations
compared to unmodified BiOI, reinforcing the role of TiO in facilitating
redox reactions likely due to its superior electron mobility and oxidative
properties.

When UV light is introduced alongside PMS, Ce(IV) concentrations
increase significantly across all materials, confirming that UV irradia-
tion effectively activates the photocatalysts. The Pd-TiO»-BiOl com-
posite produces the highest Ce(IV) concentration, followed closely by
TiO2-BiOl, suggesting that TiOy enhances photocatalytic oxidation
under UV conditions due to its strong light absorption and efficient
charge separation. Interestingly, Pd-SnO,-BiOI, which demonstrated the
highest Ce(IV) concentration with PMS alone, shows a slight decrease
under UV irradiation. This implies that while SnO, enhances PMS acti-
vation, TiOs-based materials perform better under UV exposure. Once
again, BiOI alone remains the weakest performer, reaffirming its limited
photocatalytic capability compared to heterojunction materials.

Under visible light with PMS, the performance trend shifts slightly,
highlighting the influence of material composition on light absorption.
TiO9-BiOI continues to perform well, but Pd-SnO»-BiOI surpasses Pd-
TiO9-BiOl, emerging as a strong competitor. This suggests that TiOs is
highly effective under UV light, while SnO, and Pd modifications
enhance visible-light response. However, Pd-TiO»-BiOI, which excelled
under UV, shows a decline in Ce(IV) concentration under visible light,
possibly indicating that the TiO2 phase is less effective in visible-light
harvesting than SnO,-based materials.

Overall, UV irradiation significantly enhances sulfate radical pro-
duction compared to visible light, demonstrating the superior efficacy of
UV light in directly cleaving the O-O bond in PMS, independent of the
catalyst. The role of Pd in PMS activation is also crucial in understanding
these trends. The Pd nanoparticle layer, particularly in its zero-valent
state, can directly activate PMS through a redox cycle, wherein Pd(0)
donates electrons to PMS, facilitating the formation of sulfate radicals.
This mechanism mirrors other transition metal-mediated PMS activation
systems, where electron transfer from the metal surface promotes PMS
decomposition.

These findings highlight that Pd incorporation not only improves
charge separation but also modulates ROS generation dynamics. The
incorporation of Pd nanoparticles improved the long-term stability of
BiOI-based photocatalysts, likely due to Schottky junction formation
that enhances electron extraction and suppresses photocorrosion.
However, their presence also altered the distribution of ROS, as sup-
ported by radical scavenging experiments (Fig. S8), where the quench-
ing of *OH and SO~ showed distinct profiles compared to non-Pd
systems. This suggests that Pd modifies the electron transfer pathways
at the semiconductor surface, resulting in a shift in the dominant ROS
generated during PMS activation under light irradiation. The suppres-
sion of hydroxyl radical production in Pd-containing catalysts, particu-
larly under UV light, aligns with this mechanistic shift, further
reinforcing Pd’s distinct role in PMS activation.

The concentration of hTPA serves as a direct indicator of hydroxyl
radical production. Higher hTPA concentrations correlate with greater
hydroxyl radical generation, which is crucial for assessing the catalytic
efficiency of these materials. As shown in Fig. 5b, when 2.5 mM of PMS
is used alone, the lowest hTPA concentration is observed for BiOI, while
Pd-Sn0,-BiOI exhibits the highest value. This suggests that BiOI alone
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has poor hydroxyl radical generation efficiency, whereas SnO5 and Pd
modifications significantly enhance PMS activation. Among TiO-based
heterojunction materials, TiO2-BiOI and Pd-TiO,-BiOI outperform un-
modified BiOI, underscoring TiO2’s critical role in hydroxyl radical
generation. Pd-Sn0,-BiOl surpasses all other materials, suggesting that
the synergistic effect of Pd and SnO; enhances PMS decomposition into
hydroxyl radicals.

Under UV irradiation, hydroxyl radical formation increases for most
materials, with TiO,-BiOI displaying the highest hTPA concentration.
This confirms that TiO, is highly effective in promoting hydroxyl radical
generation under UV light due to its strong light absorption and efficient
charge separation. SnO2-BiOI also exhibits a noticeable increase, rein-
forcing its ability to activate PMS under UV conditions. However, Pd-
Sn03-BiOI and Pd-TiO,-BiOI show decreased hTPA concentrations,
suggesting a shift in reaction pathways. The presence of Pd likely pro-
motes sulfate radical formation over hydroxyl radical production,
thereby reducing hTPA levels under UV conditions.

Under visible light, hydroxyl radical formation increases substan-
tially, particularly for TiO2-BiOI and Pd-SnO;-BiOI. The strong perfor-
mance of TiO2-BiOI suggests that TiO, modification enhances visible-
light absorption and electron-hole pair separation, leading to more
efficient hydroxyl radical production. Additionally, SnO,-BiOI and Pd-
TiO,-BiOI show significant improvements under visible light, indicating
that SnO2 and Pd modifications enhance visible-light-driven hydroxyl
radical formation. However, BiOI alone still exhibits the weakest per-
formance, confirming its limited photocatalytic efficiency.

The findings indicate that TiO3 and SnO modifications substantially
enhance hydroxyl radical production under both UV and visible light
irradiation, particularly when combined with PMS. The highest hTPA
concentrations are observed for TiO2-BiOI and SnO,-BiOI, confirming
their superior hydroxyl radical generation ability. Meanwhile, Pd-
containing catalysts show lower hydroxyl radical production under UV
light, likely due to their tendency to promote sulfate radical formation
instead. However, Pd modification enhances visible-light-driven hy-
droxyl radical generation, demonstrating its role in altering reaction
pathways depending on the irradiation source.

Overall, TiO2-BiOI emerges as the most efficient material for hy-
droxyl radical generation, particularly under UV + PMS conditions,
whereas BiOI alone remains the least effective. This highlights the
importance of rational heterojunction design in optimizing photo-
catalytic PMS activation. This highlights the importance of rational
heterojunction design in optimizing photocatalytic PMS activation.
Specific radical scavenger experiments were not conducted, but the use
of real tap water — containing natural scavengers such as bicarbonate
and chloride — provided an inherently competitive environment that
supports the formation of reactive species under visible light. The
observed degradation and mineralization efficiencies under these con-
ditions further confirm the role of PMS-activated radicals in pollutant
removal.

These results further confirm that: (i) UV light is superior for sulfate
radical production, whereas visible light is more effective for hydroxyl
radical generation; (ii) Pd-SnO5-BiOI is the most efficient catalyst for
UV-driven PMS activation, maximizing sulfate radical formation
through charge separation and Pd-assisted PMS decomposition; (iii)
TiO,-BiOI and SnO,-BiOI show the highest visible light-driven hydroxyl
radical production, benefiting from their type-II band alignments; and
(iv) Pd incorporation enhances electron transfer but redirects the reac-
tion pathway toward sulfate radicals at the expense of hydroxyl radical
formation. The study provides valuable insights into the role of ALD-
engineered BiOl-based heterojunctions in PMS activation. Future
research should focus on enhancing hydroxyl radical production in Pd-
modified systems while maintaining their improved charge separation
and stability, potentially by optimizing Pd loading or integrating co-
catalysts that favor hydroxyl radical generation. Although specific EPR
or quenching tests for species such as 0® ,HO® ,e ,h",and 10, were
not conducted, previous studies suggest their potential involvement in
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PMS-based systems. The observed photocatalytic activity under complex
tap water matrices, combined with the successful degradation and
mineralization results, support the participation of multiple ROS
including SO®~ and 102. Recent works [80,81] have also highlighted the
significance of these species in similar PMS activation systems and
justify their likely presence in our system.

3.4. Photostability of (Pd)-SnO2-BiOI and (Pd)-TiOz-BiOl thin films

The photostability of BiOI-based thin films is a crucial factor in
determining their long-term applicability in catalytic water treatment.
One of the primary limitations of BiOI as a photocatalyst is its suscep-
tibility to photocorrosion, mainly due to iodide oxidation and the sub-
sequent leaching of iodine species into the solution. This process leads to
structural degradation and a decline in catalytic efficiency over time.
This section analyses the photostability of Pd-modified SnO2-BiOI and
TiO9-BiOI thin films, focusing on the leaching of bismuth and iodine
species under visible and UV irradiation, both in the presence and
absence of organic pollutants and/or PMS.

To assess the intrinsic photostability of the synthesized catalysts, thin
films were tested in pure water (without PMS or organic pollutants). The
extent of photocorrosion was determined by measuring the release of
bismuth and iodine species into the solution after 360 min of visible light
and UV exposure. As shown in Fig. 5c, pristine BiOI exhibited moderate
photocorrosion. In contrast, under visible light irradiation, unmodified
Sn0,-BiOI and TiO-BiOlI films suffered significantly higher levels of
photocorrosion, with bismuth concentrations reaching 198 + 18 ppb
(SnO,-BiOI) and 225 + 20 ppb (TiO,-BiOI), while iodine species
increased to 385 + 11 ppb and 482 + 24 ppb, respectively. Notably,
under UV irradiation, the same trend was observed, albeit with lower
leaching. These findings suggest that, despite improving charge sepa-
ration, the addition of SnO2 and TiO, alone does not effectively mitigate
photocorrosion. To further evaluate the stability of the heterostructures
and the risk of secondary environmental contamination, the leaching of
Sn and Ti ions was also quantified under the same irradiation conditions.
The results indicated that Sn(IV) and Ti(IV) concentrations in solution
remained below 4 % of the total deposited oxide content after 360 min,
confirming that although Bi and I leaching dominates, minor release of
Sn and Ti does occur. However, Pd incorporation significantly enhanced
photostability. Pd-SnO,-BiOI exhibited a remarkable reduction in
leaching, while Pd-TiO»-BiOI showed the lowest levels of bismuth and
iodine species. In addition, Pd deposition further suppressed Sn and Ti
ion leaching, maintaining metal release well below levels considered
critical for secondary contamination. These results confirm that Pd acts
as an electron sink, stabilizing the material and reducing self-oxidation,
thereby mitigating photocorrosion.

As illustrated in Fig. 5d, the presence of an organic pollutant (180
ppm of TC) in the solution further influenced photocorrosion behavior.
The pollutant reduced BiOI degradation, likely due to competitive in-
teractions between organic species and photogenerated holes, which
limited direct iodide oxidation. Similarly, SnO>-BiOI and TiO,-BiOI
exhibited high photocorrosion levels, reaffirming that unmodified het-
erojunctions do not effectively suppress degradation. Conversely, Pd-
SnO2-BiOI and Pd-TiO,-BiOI demonstrated superior stability, reinforc-
ing the critical role of Pd in preserving BiOIl integrity, even in the
presence of competing organic molecules.

The addition of 2.5 mM PMS into the solution resulted in increased
BiOI degradation for most samples (Fig. 5e). The oxidative environment
generated by PMS facilitated the formation of reactive sulfate radicals,
which contributed to BiOI oxidation. Pristine BiOI exhibited a notable
rise in photocorrosion, while SnO»-BiOI and TiO,-BiOI displayed severe
degradation, confirming that although these heterojunctions enhance
photocatalytic efficiency, they fail to protect BiOI from oxidative
degradation under PMS activation. In stark contrast, Pd-SnO»-BiOI and
Pd-TiO,-BiOI demonstrated remarkable resistance to photocorrosion.
The improved stability of Pd-modified heterojunctions suggests that Pd
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plays a dual role: (i) suppressing direct BiOI oxidation by scavenging
photogenerated electrons; and (ii) promoting an alternative reaction
pathway, where PMS activation occurs on Pd sites rather than through
BiOI self-oxidation.

A comparative analysis of the different experimental conditions
confirms that Pd-SnO,-BiOI and Pd-TiO,-BiOI are significantly more
stable than their Pd-free counterparts, with Pd-TiO-BiOI exhibiting the
lowest photocorrosion rates. The presence of Pd effectively mitigates
iodine leaching and bismuth dissolution, thereby enhancing the
longevity of the photocatalyst. Crucially, the reduced leaching of Sn and
Ti from Pd-modified films minimizes the risk of secondary metal ion
contamination, supporting the environmental safety and practical
viability of these materials in real water treatment applications. These
findings underscore the importance of Pd modification in preventing
BiOI degradation, ensuring structural stability, and prolonging photo-
catalytic activity.

4. Conclusions

This work demonstrates the rational design of SnO,- and TiO,-
modified BiOI thin films via atomic layer deposition (ALD) for enhanced
light-driven PMS-activated pollutant mineralization. The formation of
Sn0,-BiOI and TiO2-BiOI heterojunctions improved charge separation
and reactive radical generation, enabling superior photocatalytic per-
formance compared to pristine BiOl.

Under UV + PMS conditions, TiO2-BiOI achieved the highest effi-
ciency, with 92.7 % tetracycline degradation and 84.8 % mineralization
after 90 min, while SnO,-BiOI showed superior activity under visible +
PMS irradiation, achieving 80.8 % degradation and 76.5 % minerali-
zation. Pd nanoparticle deposition enhanced photostability by reducing
photocorrosion but selectively altered the PMS activation mechanism,
favoring sulfate radical production and benefiting SnO,-based systems
under visible light. In contrast, Pd addition negatively affected TiO,-
BiOI performance under UV irradiation.

The stability of TiO»-BiOI was superior, retaining >95 % activity
after 10 cycles, while SnO,-BiOI displayed enhanced reactivity in
visible-light-driven processes, particularly in tap water matrices where
dissolved ions facilitated PMS activation. The results position TiO2-BiOI
as the most suitable catalyst for UV-assisted applications, while Pd-
Sn0,-BiOl is more appropriate for visible-light-driven processes.

These results underscore the potential of ALD-engineered BiOI-based
heterojunctions for scalable and sustainable wastewater treatment. The
rational combination of semiconductors enables the development of
highly efficient catalysts with improved charge separation, photo-
stability, and pollutant degradation capabilities. The ability to precisely
tune material properties through ALD allows for tailored photocatalyst
design, making this approach a viable strategy for addressing emerging
contaminants in diverse water matrices. Moreover, the integration of
PMS activation with visible-light-driven photocatalysis offers a sus-
tainable and cost-effective alternative to conventional water treatment
technologies, particularly for recalcitrant organic pollutants. Although a
full economic assessment is beyond the scope of this work, the use of
low-cost, earth-abundant materials (BiOI, SnO,, TiO5) combined with
nanoscale ALD engineering offers a promising route toward economi-
cally viable catalysts. The high reusability, minimal material consump-
tion due to thin-film design, and enhanced stability further support the
potential for long-term cost-effectiveness in real water treatment
systems.

Future research should focus on further optimizing catalyst compo-
sition, exploring alternative co-catalyst modifications, and extending the
approach to additional contaminants. Investigating long-term catalyst
stability under continuous flow conditions, as well as the impact of real
wastewater matrices, will be crucial for practical implementation. The
findings of this study provide a strong foundation for the advancement
of advanced oxidation processes, paving the way for next-generation
photocatalytic materials capable of addressing global water pollution
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challenges in a scalable and efficient manner.
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