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Understanding how platinum cocatalysts interact with semiconductor supports remains a central challenge in
photocatalysis. Although Pt nanoparticles are often assumed to act as a universal electron sink, this study
demonstrates that their catalytic behaviour is governed by the electronic structure, defect chemistry, and
interfacial energetics of the support. To isolate support-induced effects, TiO5 nanorods (Sggr = 93.3 m? g™1) and
Visible-light activation tho te)llturally distinct forms of g-C3Ny4 (a low-surface-area CN-L (20 m? g’l) and a high-surface-area CN-H (85.0
a-CsNy m* g™ ")) deliberately matched to TiO, were modified with identical 1 wt% Pt nanoparticles using the same
TiOy impregnation-reduction protocol. Despite comparable surface areas for TiOy and CN-H, Pt-modified catalysts
exhibit fundamentally different interfacial energetics and charge-transfer behaviour. TiO, stabilizes highly
metallic Pt nanoparticles (~1.0 nm) and forms a very low Schottky barrier (0.16 eV), enabling rapid electron
extraction and pronounced Pt-mediated visible-light ROS generation. In contrast, g-C3N4 induces strong band
bending and stabilizes mixed Pt®/Pt?* states, resulting in higher interfacial barriers (0.26-1.19 eV), suppressed
hydroxyl radical formation, and enhanced selective one-electron oxidation, more than doubling ABTS generation
compared to pristine CN-L. These electronic effects translate directly into photocatalytic performance. TiOo@Pt
exhibits efficient visible-light BPA degradation and the lowest NO; reduction onset temperature, while CN-H@Pt
outperforms CN-L@Pt due to improved charge separation and approximately 40% lower charge-transfer resis-
tance. The persistence of these contrasts between TiO,@Pt and CN-H@Pt confirms that Pt nanoparticles func-
tionality is electronically programmed by the support rather than dictated by surface accessibility. This insight
provides a rational framework for engineering noble-metal photocatalysts through deliberate control of semi-
conductor electronic structure and interfacial chemistry.

1. Introduction

Environmental pollution continues to escalate as one of the most
persistent global threats, driven by the steady accumulation of organic
contaminants, pharmaceutical residues, endocrine-disrupting com-
pounds, and reactive nitrogen species such as NOy in natural water and
air systems [1-3]. These pollutants resist natural degradation and pose
substantial hazards to human health, ecological stability, and long-term
biodiversity. Conventional remediation approaches, including thermal
oxidation, adsorption, advanced oxidation processes, and biological
treatment, have significant drawbacks such as high energy consumption,
limited mineralization efficiency, and the generation of secondary waste
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streams [4]. Consequently, there is an urgent need for clean, low-energy,
solar-driven technologies capable of degrading pollutants under mild
conditions.

Semiconductor-based photocatalysis has emerged as a highly
promising solution to this challenge [5]. Its ability to harness sunlight or
visible-light to activate semiconductor surfaces and generate highly
reactive oxygen species (ROS) makes it particularly suitable for sus-
tainable environmental purification. Over the past two decades, mate-
rials such as titanium dioxide (TiO2) [6], graphitic carbon nitride (g-
C3Ny) [7], ZnO [8], WO3 [9], and various metal sulphides [10] have
been widely investigated for their favourable band structures, tunable
optical properties, and chemical robustness. However, the intrinsic
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recombination of photogenerated charge carriers in these materials re-
mains the primary factor limiting their photocatalytic performance, as it
suppresses both charge utilization efficiency and ROS generation path-
ways. To mitigate recombination losses and enhance ROS production,
hybrid photocatalysts incorporating noble metals or secondary semi-
conductors have been extensively explored [11-14]. Noble metals
nanoparticles (NPs) such as Pt [15,16], Au [17], and Ag [18] can act as
electron sinks, plasmonic light absorbers, and surface catalytic centers.
Among them, Pt NPs are traditionally regarded as the most versatile
cocatalyst due to its ability to form efficient Schottky junctions, accel-
erate charge extraction, lower reaction activation barriers, and stabilize
key ROS intermediates [19]. As a result, Pt-based hybrid photocatalysts
are frequently assumed to share common mechanistic features, irre-
spective of the semiconductor support to which Pt is anchored. Yet,
emerging evidence suggests that this assumption is oversimplified and
potentially misleading. In fact, the behaviour of Pt NPs, such as partial
oxidation, electronic structure, electron trapping capacity, interaction
with defects, and ability to mediate ROS formation, can vary dramati-
cally depending on the underlying semiconductor. This implies that the
support itself may be the primary determinant of Pt NPs functionalities,
rather than Pt NPs acting as a universal, support-invariant cocatalyst.
Surprisingly, this critical question remains largely unexplored due to the
lack of rigorous, controlled comparative studies.

Among the broad family of photocatalysts, TiO2 and g-C3N4 repre-
sent two particularly insightful “model” semiconductors for probing
support-governed Pt NPs behaviour. TiOy is a rigid, wide-band-gap
oxide with a well-defined electronic structure, deep valence states,
and stable surface chemistry [12]. Pt NPs on TiO; typically form clas-
sical Schottky junctions that facilitate ultrafast electron trapping [20]. In
contrast, g-C3Ny4 is a visible-light-active, metal-free, polymeric semi-
conductor with a nitrogen-rich n-conjugated network capable of stabi-
lizing oxidized metal species, providing abundant lone-pair surface
functionalities, and exhibiting high defect tolerance [21,22]. Its con-
duction band is significantly more negative than that of TiO,, favouring
superoxide anion radical generation over hydroxyl radical formation
[23]. Additionally, while TiO, generally possesses high specific surface
area and well-defined meso- or nanostructures, g-C3N4 typically exhibits
much lower surface area and more complex porosity, unless specially
engineered [24-26]. These inherent differences mean that Pt nano-
particles deposited on TiO5 or g-C3N4 are expected to experience entirely
different electronic environments, interfacial charge-transfer dynamics,
and ROS formation mechanisms. Yet, determining the extent to which Pt
NPs behaviour is governed by these support-specific properties has been
severely hindered by methodological limitations in the literature. Most
comparative studies use materials with vastly different surface areas,
morphologies, or Pt NPs deposition protocols, making it impossible to
isolate electronic effects of the support from geometric or synthetic
artefacts.

The novelty of this study lies in directly addressing these limitations
by constructing TiO, and g-C3N4 supports with comparable mesoporous
textural properties and loading them with Pt NPs using an identical
impregnation-reduction synthesis. This careful design provides a rare
and highly controlled platform in which differences in Pt oxidation state,
dispersion, charge-transfer behaviour, and ROS formation can be
attributed unequivocally to the electronic and chemical nature of the
support, rather than to differences in exposed surface area or deposition
chemistry. In this work, g-C3N4 was synthesized in two distinct textural
forms: a low-surface-area variant (CN-L, 20 m? g_l) and a high-surface-
area analogue (CN-H, 85.0 m? g’l), while TiO5 nanorods with a com-
parable accessible surface area (93.3 m? g~1) to CN-H were synthesized
in-house. All three supports were modified with an identical Pt loading
(1 wt%) using the same synthesis protocol, ensuring equivalent condi-
tions for Pt precursor adsorption, reduction, and nanoparticle growth.
This methodological consistency eliminates synthetic bias and allows
direct evaluation of how band alignment, defect chemistry, surface
functionalities, and structural order govern Pt behaviour. To elucidate
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these relationships, we use a comprehensive suite of characterization
methods, including XPS valence-band analysis, UV-Vis diffuse reflec-
tance spectroscopy, steady-state photoluminescence, time-resolved
TCSPC, and solid-state EPR spectroscopy. These complementary tech-
niques enable us to resolve the interfacial electronic structure with high
precision and correlate it with photocatalytic reactivity, charge-carrier
dynamics, and ROS formation pathways. Through this integrated
approach, we show that the catalytic role of Pt NPs is not universal but is
profoundly dictated by the underlying semiconductor, which controls Pt
oxidation state, electron-extraction efficiency, defect interactions, and
radical-species selectivity. The insights gained here establish a rigorous
foundation for the rational design of next-generation Pt-based photo-
catalysts with optimized interfacial architectures and tailored ROS-
driven activity.

2. Experimental
2.1. Catalyst synthesis

Ultra-pure water (18.2 MQ-cm) was used in all procedures, and all
chemicals were of analytical grade and used without further purifica-
tion. Graphitic carbon nitride (g-CsN4) was synthesized by calcining
dicyandiamide (DCDA, Sigma-Aldrich) in a covered alumina crucible
using a muffle furnace (Nabertherm, Germany, model LT 9/11/SKM).
For the low-surface-area sample (CN-L), the temperature was raised to
550 °C at 300 °C-h~! and held for 4 h, while for the high-surface-area
sample (CN-H), the temperature was increased to 642 °C at
225 °C-h~! and held for 3.33 h. TiO, nanorods (denoted as TiO,) were
prepared hydrothermally by dispersing 2 g of TiO4 precursor (DT-51,
Cristal ACTiV™) in 10 M NaOH solution, heating the mixture at 130 °C
for 24 h in a Teflon-lined autoclave, washing the product with 0.1 M HCl
and ultra-pure water, and calcining it at 500 °C for 2 h (120 °C-h™1).
Platinum was deposited on CN-L, CN-H, and TiO, supports by wet
impregnation using a diamminedinitritoplatinum(II) precursor (Sigma-
Aldrich, 3.4 wt% Pt in NH; solution) to achieve 1 wt% Pt loading. Each
support (0.5 g) was dispersed in 250 mL of absolute ethanol, ultra-
sonicated for 10 min, mixed with 0.25 mL of the Pt precursor solution for
120 min, and the solvent was removed by rotary evaporation (Biichi,
model R-215). The pH of the impregnation suspensions was measured
and was 8 for all supports. The solids were dried at 80 °C for 20 h and
reduced under forming gas (5% Hy in Ny, Linde) at 300 °C for 2 h
(150 °C-h™1) in a tubular quartz furnace (Carbolite). The resulting cat-
alysts were denoted CN-L@Pt, CN-H@Pt, and TiO,@Pt. A nominal Pt
loading of 1 wt% was selected as a widely adopted benchmark in Pt-
modified photocatalysts, providing sufficient Pt density for reliable
spectroscopic and electrochemical characterization while minimizing
particle growth and preserving strong metal-support interactions.
Importantly, the aim of this work is not to optimise Pt loading, but to
enable an isolated comparison of support-governed Pt electronic struc-
ture and ROS selectivity under identical Pt deposition conditions.

2.2. Experimental methods

Comprehensive descriptions of all analytical and photocatalytic
procedures used in this work are provided in the Supplementary infor-
mation. The Supplementary information includes full instrumental set-
tings and operational parameters for X-ray diffraction (XRD), attenuated
total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR),
nitrogen physisorption analysis (Brunauer-Emmett-Teller and Barrett-
Joyner-Halenda; BET/BJH), scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM-EDX), ultraviolet-visible
diffuse reflectance spectroscopy (UV-Vis DRS), steady-state photo-
luminescence (PL), time-correlated single-photon counting (TCSPC),
and X-ray photoelectron spectroscopy (XPS), including valence band
analysis. ATR-FTIR spectroscopy was used to examine the chemical
bonding and framework integrity of the supports, while the crystalline
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lattice structure and phase composition were determined solely by X-ray
diffraction (XRD) and electron microscopy. Experimental details for
solid-state electron paramagnetic resonance (EPR) measurements per-
formed in the dark and under visible-light irradiation are also included.
Complete photocatalytic procedures for water-dissolved bisphenol A
(BPA) degradation, reactive oxygen species (ROS) detection assays, and
nitrogen dioxide (NOy) removal, covering reactor configuration, illu-
mination conditions, analytical quantification, and kinetic evaluation,
are provided in the Supplementary information. The spectral power
distributions of all illumination sources used in the experiments are

a)
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shown in Fig. S1.
3. Results and discussion
3.1. Structural and textural properties of catalysts
The diffraction patterns of the synthesized materials (Fig. 1) confirm
the formation of polymeric g-C3N4 and anatase TiO,. The CN-L and CN-

H samples display typical g-CsN4 diffraction features, including a broad
(002) stacking reflection at approximately 27.4° and a weaker (100)
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Fig. 1. a) XRD patterns of the investigated photocatalysts. Orange dashed lines indicate the characteristic reflections of anatase TiO, (PDF 01-086-1157), grey dashed
lines correspond to g-C3N4 (PDF 00-066-0813), and green dashed lines denote the reflections of metallic Pt (PDF 04-001-0537). b) ATR-FTIR spectra of the analyzed
nanosolids, recorded at room temperature, with inset to highlight the characteristic vibrational modes of g-C3N4 and TiOs.
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peak at around 13°, consistent with a layered heptazine-based structure.
The crystallite size estimated from the (002) reflection is 8.0 nm for CN-
L and 18.0 nm for CN-H (Table 1), indicating a substantially higher
degree of structural order in the high-surface-area material. Pt deposi-
tion does not alter the position or width of the g-C3Ny4 reflections,
demonstrating that the polymeric framework remains intact. However,
the high-angle region in Fig. S2 (20 = 38-84°) shows several well-
defined reflections at 39.7°, 46.1°, 67.5°, and 81.2°, corresponding to
the (111), (200), (220), and (311) planes of metallic Pt (PDF 04-001-
0537). These peaks are clearly visible in both CN-L@Pt and CN-H@Pt,
confirming the formation of crystalline Pt° nanoparticles. Their in-
tensity is highest for CN-L@Pt, which is consistent with the lower sur-
face area and smaller number of nucleation sites on CN-L, favouring the
growth of larger Pt crystallites. Conversely, CN-H@Pt shows the same Pt
reflections but with broader and less intense features, indicating smaller
Pt domains formed on the highly porous CN-H surface. The TiO, pattern
displays sharp reflections characteristic of well-crystallized anatase,
with an average crystallite size of 25 nm (Table 1). Pt loading does not
induce detectable changes in the TiO diffraction profile, and no distinct
Pt reflections appear in the TiOo@Pt diffractogram. This can be attrib-
uted to two factors: (i) the strong and highly crystalline anatase back-
ground, which masks low-intensity Pt peaks, and (ii) the formation of
very small and highly dispersed Pt nanoparticles on TiO2, whose crys-
tallite size falls below the detection limit of laboratory XRD [27].
Overall, the XRD analysis shows that Pt nanoparticles are detectable on
g-C3Ny4 due to its weaker diffraction background and smaller crystallite
domains (8-18 nm), while the highly crystalline TiO5 (25 nm) obscures
Pt signals despite the presence of metallic Pt.

The ATR-FTIR spectra of the investigated materials (Fig. 1b) show
the characteristic vibrational features of polymeric g-C3N4 and anatase
TiOg, confirming the successful synthesis of both supports and the
preservation of their structures after Pt deposition. All carbon nitride
samples (CN-L, CN-H, and their Pt-modified counterparts) display a se-
ries of strong absorption bands between 1200 and 1650 cm™?, corre-
sponding to C—N and C=N stretching modes within heptazine units
[28-30]. The broad envelope in this region reflects the superposition of
multiple vibrations associated with the tri-s-triazine framework [28,30].
A distinct band at 805 cm™! is observed for all CN materials and is
assigned to the breathing mode of the heptazine ring, serving as a
fingerprint feature of g-C3N4 [29]. In the high-wavenumber region, a
broad feature between 3000 and 3400 cm ™~ is visible, arising from N—H
and O—H stretching vibrations from surface amine groups and adsorbed
water [31]. The relative intensity of this band is slightly higher in CN-L
and CN-L@Pt, consistent with their lower degree of surface condensa-
tion. Importantly, clear differences between CN-L and CN-H are also
observed in the heptazine-related region: CN-L shows broader, less
resolved C-N/C=N stretching bands and a more pronounced N-H/O-H
signal, indicating a less ordered, more defect-rich framework with a
higher density of terminal -NHy groups. In contrast, CN-H displays
sharper, better-defined vibrations, consistent with its larger crystallite

Table 1
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size, higher structural condensation, and overall improved heptazine
ordering. The TiO5 samples exhibit the typical Ti-O-Ti lattice vibrations
in the 400-800 cm ™! region, with a prominent band centered near 500
cm ™, characteristic of anatase [32]. The spectra of TiO3 and TiO,@Pt
are nearly identical, indicating that Pt deposition does not perturb the
TiO4 lattice or introduce new IR-active species. The overall similarity of
the CN-L and CN-H spectra before and after Pt addition further indicates
that the heptazine framework remains intact and that Pt nanoparticles
do not alter the chemical structure of g-C3Ny.

The N, adsorption-desorption isotherms (Fig. S3a) reveal clear
textural differences among the investigated photocatalysts. Both CN-L
and CN-L@Pt exhibit low uptake across the entire relative pressure
range, reflecting their limited porosity and low surface areas (19.0 and
17.6 m? g_l, respectively; Table 1). Their isotherms resemble a type II
profile with very weak H3-type hysteresis, characteristic of largely non-
porous or weakly mesoporous carbon nitride structures [33]. In contrast,
CN-H and CN-H@Pt display markedly higher N5 adsorption, consistent
with their significantly larger surface areas (85.0 and 81.0 m? g~ !). The
broader hysteresis loop at medium to high relative pressures indicates
the presence of slit-shaped mesopores, originating from the more open
and better-condensed polymeric network. The minor decrease in surface
area after Pt deposition confirms that Pt NPs do not obstruct the pore
structure of g-C3N4. TiO2 and TiO2@Pt exhibit the highest adsorption
capacities among all samples, characteristic of their high-surface-area
nanorod morphology (93.3 and 91.9 m? g~!). The steep Ny uptake
near p/p° — 1 is typical of interparticle mesoporosity created by the rod-
like architecture. Pt loading does not affect the isotherm shape, indi-
cating that the nanorod assembly remains unchanged. The BJH pore-size
distribution curves (Fig. S3b) further support these observations. CN-L
shows a broad and weak distribution of pores greater than 10 nm,
consistent with structural voids rather than well-defined mesoporosity.
CN-H displays a more pronounced mesopore population centered
around 10 tol5 nm, reflecting its better-developed pore network. TiOq
samples exhibit a sharp and intense pore distribution with a maximum
around 15 to 20 nm, characteristic of uniform mesopores formed be-
tween aggregated nanorods. Overall, these results demonstrate that CN-
H possesses a much more developed mesoporous structure than CN-L,
while TiO exhibits the largest accessible surface area and well-
defined mesoporosity. The minimal differences between bare and Pt-
loaded samples confirm that Pt deposition does not significantly alter
the intrinsic textural properties of any support.

The SEM micrographs (Fig. S4) provide detailed insight into the
morphological characteristics of the synthesized photocatalysts. The CN-
L and CN-H samples both display the typical layered morphology of
polymeric g-C3Ny, but with clear differences in structural development.
CN-L consists of dense, compact agglomerates composed of thick,
irregular layered domains with limited interlayer separation, consistent
with its low surface area and lower degree of structural condensation. In
contrast, CN-H displays a more open, thin, sheet-like morphology,
characterized by loosely stacked and partially exfoliated layered g-CsN4

Listed are the specific surface area (Sggr), total pore volume (Vpore), average pore diameter (dpore), crystallite size of anatase TiO» at 25° and g-C3N4 at 27° (a.c.s.),
optical band gap (Eg) determined using the Kubelka-Munk function, valence band maximum (VB), conduction band position (CB), Schottky barrier height (SBH), and

values of the R¢r obtained by mean of EIS measurements.

Sger Viore dpore a.cs. VB Eg CB* SBH" Rer Rer

m?g! em®g! nm eV MQ
CN-L 19.0 0.06 18.1 8.0 2.25 2.68 —0.42 / 0.694 /
CN-L@Pt 17.6 0.07 15.9 8.0 1.06 2.68 -1.68 1.19 0.626 0.652
CN-H 85.0 0.27 14.5 18.0 2.34 3.00 -0.73 / 0.627 /
CN-H@Pt 81.0 0.22 12.2 17.5 2.08 2.96 ~0.95 0.26 0.402 0.431
TiO, 93.3 0.53 19.6 25.0 2.89 3.26 -0.37 / 0.722 /
TiO,@Pt 91.9 0.53 20.0 25.0 2.73 3.25 -0.52 0.16 0.246 0.270

@ CB calculated from: CB = Eg — VB.
b SBH calculated from: SBH = VBpare support — VBbare support@pt-
¢ Measured in the presence of BPA.



G. Zerjav et al. Chemical Engineering Journal 533 (2026) 174635

domains, indicating a higher degree of polymerization and greater displays enhanced surface texture and compaction of the layered
textural development. After Pt deposition, the morphology of both sheet-like carbon nitride structures. In both cases, the changes are subtle
carbon nitride supports is largely preserved. CN-L@Pt shows a slightly and consistent with the presence of finely dispersed Pt nanoparticles on
rougher and more granular surface compared to CN-L, while CN-H@Pt the external surfaces of the carbon nitride aggregates. No large Pt
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clusters are visible, confirming nanoscale integration of Pt without
structural disruption of the g-CsN4 framework. A markedly different
morphology is observed for the TiO, sample, which consists of uniform,
high-aspect-ratio nanorods forming an open, interconnected network.
This rod-like architecture is maintained after Pt deposition, with the
nanorods remaining well defined and structurally intact. This is
consistent with the unchanged BET surface area and the preserved
anatase XRD pattern, confirming that Pt deposition does not alter the
TiO4 nanorod assembly.

SEM-EDX elemental analysis further confirms the successful incor-
poration of Pt into all Pt-modified catalysts (Fig. S5, Table S1). The
pristine supports show only their expected elemental compositions, C
and N for CN-L and CN-H, and Ti and O for TiO,, while additional Pt
signals are clearly detected in CN-L@Pt, CN-H@Pt, and TiO,@Pt.
Quantitative determination of Pt loading by ICP-OES shows Pt contents
close to the nominal 1 wt% value for all Pt-modified samples (Table S1),
demonstrating good control of the impregnation procedure. These
values agree well with the semi-quantitative Pt contents obtained from
SEM-EDX analysis, confirming the reliability of the measured metal
loadings. SEM-EDX mapping images (Fig. S5) further show that Pt is
homogeneously distributed across all support surfaces. Pt dispersion is
particularly uniform in CN-H@Pt, reflecting the higher surface area and
more accessible mesopores of CN-H, which promote more effective Pt
anchoring. In CN-L@Pt, Pt remains well distributed but forms slightly
larger domains, consistent with the lower surface area of CN-L and the
more pronounced Pt reflections observed in its XRD pattern. On
TiO2@Pt, Pt is evenly dispersed along the external facets of the nano-
rods, although the nanoparticles remain too small to be resolved in SEM.

These SEM observations correlate well with the TEM analysis
(Fig. 2), which directly resolves the Pt NPs and confirms the differences
in Pt dispersion inferred from SEM and XRD. The g-C3N4 samples show
the expected layered, wrinkled texture in TEM, with CN-L forming dense
aggregates of thicker layered domains, whereas CN-H consists of
thinner, more open, layered sheet-like domains with reduced stacking
thickness. TiO5 again displays uniform anisotropic nanorods. Pt depo-
sition preserves the structural features of all supports while introducing
well-dispersed Pt nanoparticles on CN-H and TiO,, and a combination of
dispersed nanoparticles and larger aggregates on CN-L. Quantitative
TEM analysis (excluding large aggregates for CN-L) reveals average Pt
NPs sizes of 1.5 + 0.4 nm for CN-H@Pt, 3 + 1 nm for CN-L@Pt, and 1.0
+ 0.4 nm for TiO,@Pt (Fig. 2), demonstrating the strong influence of
support textural properties on Pt nucleation and growth. Importantly,
these TEM findings are fully consistent with the XRD analyses. Clear Pt
reflections appear only for CN-L@Pt, which contains larger Pt NPs (~3
nm), whereas CN-H@Pt and TiO,@Pt show no detectable Pt diffraction
peaks because their Pt particles (~1 to 1.5 nm) fall below the standard
XRD detection threshold. This direct correlation confirms that the
presence or absence of Pt signals in XRD is governed primarily by NPs
size rather than by differences in loading. High-resolution TEM images
further show lattice fringes corresponding to the (111) and (200) planes
of metallic Pt, confirming the polycrystalline nature of the nano-
particles. STEM-EDXS mapping (Fig. S6) verifies homogeneous Pt dis-
tribution in CN-H@Pt and TiO,@Pt, while CN-L@Pt displays a broader
distribution consistent with partial aggregation. The combined SEM,
TEM, and STEM-EDX results clearly show that the intrinsic textural
properties of the supports, including surface area, layered sheet-like
morphology, and porosity, play a decisive role in determining Pt
nucleation, dispersion, and aggregation. These structural differences
directly affect the electronic properties and charge-transfer behaviour
discussed in the following sections.

Zeta potential measurements offer key insights into the surface
charging behaviour of the investigated supports and, consequently, their
interaction with the Pt precursor species during synthesis (Fig. S7). Both
carbon nitride materials exhibit strongly pH-dependent behaviour
typical of polymeric g-C3N4 [29]. CN-L shows moderately negative po-
tentials across pH 2-7, while CN-H, due to its higher density of
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deprotonated nitrogen functionalities and more open nanostructure,
displays substantially more negative values over the entire pH range. In
contrast, TiOy exhibits the characteristic amphoteric profile of metal
oxides, with positive potentials at acidic pH, a point of zero charge near
pH value of 6.5, and only slightly negative values at pH > 7 [34]. At the
Pt deposition pH of 8, the differences between the supports are most
pronounced. Both CN-L and especially CN-H exhibit strongly negative
surface potentials (—20 to —35 mV), which promote efficient electro-
static adsorption of hydrolyzed Pt species and favour uniform precursor
distribution across the surface. TiO,, however, displays a near-neutral
potential, indicating a considerably weaker Coulombic driving force
for precursor anchoring. These electrostatic characteristics directly
correlate with the Pt nanoparticle sizes and distributions observed by
TEM for g-C3N4 supports. The highly negative potential of CN-H enables
dense nucleation of Pt clusters, resulting in the smallest particles (1.5
nm). CN-L, with a less negative surface and more compact morphology,
forms larger Pt nanoparticles (3 nm). Although TiO, lacks the strong
electrostatic attraction observed for g-C3Ny, its high surface area and
abundance of surface hydroxyls still enable effective Pt anchoring,
yielding uniformly dispersed, ultra-small Pt nanoparticles (1.0 nm).
Together, these results demonstrate that surface charge is a primary
factor governing Pt nucleation, but it acts in synergy with textural
properties and surface chemistry. Strongly negative g-CsN4 surfaces
favour electrostatic precursor binding and high nucleation density,
whereas Pt deposition on TiO, proceeds predominantly via chemical
interactions with surface hydroxyls. These correlations confirm that
surface charge, in combination with textural features and surface
chemistry, directly governs Pt nucleation and growth across the three
supports, fully explaining the nanoparticle size distributions observed
by TEM.

3.2. Surface chemistry and electronic structure of catalysts

The UV-Vis diffuse reflectance spectra of the photocatalysts studied
are shown in Fig. S8a, and the corresponding Tauc plots, derived from
the Kubelka-Munk function, are presented in Fig. S8b. Pristine TiO,
exhibits a steep absorption edge at 380 nm, typical of anatase, with no
absorption in the visible region [6]. The determined band-gap energy
(Eg) is 3.26 eV (Table 1). After Pt deposition, the fundamental absorp-
tion edge of TiO2@Pt remains essentially unchanged (Eg(TiO,@Pt) =
3.25 eV), but a pronounced absorption tail extending deep into the
visible region appears. This additional absorption arises from Pt-related
interband and/or plasmonic transitions, indicating that Pt can act as a
visible-light sensitizer on TiO2 [35]. In contrast, the g-C3N4 materials
display intrinsic absorption well into the visible range. CN-L shows an
absorption edge around 460 nm, corresponding to a band gap of 2.67 eV,
whereas CN-H exhibits a slightly blue-shifted edge with Eg = 3.07 eV,
consistent with its more condensed heptazine structure. Pt deposition
slightly modifies the optical response of both carbon nitride samples. For
CN-L@Pt, the band gap increases marginally to 2.74 eV, while CN-H@Pt
shows a small decrease to 3.03 eV. In both cases, the overall absorbance
in the visible region increases compared to the pristine supports,
reflecting the additional contribution of Pt nanoparticles and possible
changes in surface electronic states. These UV-Vis DRS results confirm
that TiO5 remains a wide-band-gap UV absorber, whereas g-C3N4 pro-
vides intrinsic visible-light activity, and that Pt loading mainly enhances
sub-band-gap absorption without significantly altering the fundamental
band gaps of the supports. The extracted Eg values will be combined
with the valence-band positions obtained from XPS to construct the
band alignment diagrams and to discuss Schottky barrier formation and
charge-transfer pathways in the following section.

The XPS survey spectra of all investigated samples (Fig. S9) confirm
the expected elemental composition of the photocatalysts. The pristine
g-C3Ny4 materials (CN-L and CN-H) show only carbon (C 1s) and nitrogen
(N 1s) signals, with no evidence of impurities within the detection limit
of the instrument. After Pt deposition, an additional Pt 4f signal appears
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in both CN-L@Pt and CN-H@Pt, confirming the successful incorporation
of Pt into the carbon nitride structure without introducing foreign ele-
ments. The TiO, samples exhibit the characteristic Ti 2p and O 1s peaks
of anatase TiO,, while TiO,@Pt also shows a clear Pt 4f contribution. As
expected, no nitrogen is detected in either TiO3 sample. The C 1s peak at
284.8 eV present in all spectra originates from adventitious carbon and
is used for charge calibration. Overall, the survey spectra demonstrate
that all photocatalysts are chemically pure and that Pt deposition pro-
ceeds efficiently on all supports.

The Ti 2p high-resolution spectra of TiO, and TiO,@Pt (Fig. 3)
display the characteristic spin-orbit doublet of Ti** in anatase TiO,
[36,37]. For pristine TiOy, the Ti 2p3,5 and Ti 2p; 2 peaks are located at
458.7 eV and 464.4 eV, respectively. Upon Pt deposition, both peaks
shift slightly to 458.9 eV and 464.6 eV, changes well within typical
experimental variation. These small positive shifts indicate weak elec-
tron redistribution at the Pt/TiO- interface and are consistent with the
formation of a Schottky junction, but do not reflect any change in Ti
oxidation state. Importantly, no Ti®" features are observed, confirming
that TiO; remains fully oxidized and structurally intact after Pt loading
and reduction process. This is consistent with the preserved BET surface
area and XRD pattern of TiO,@Pt.

The C 1s spectra of the g-C3N4 materials (Fig. 3) show two charac-
teristic components. A dominant peak at 288.2 eV corresponds to sp>-
hybridized carbon in the N-C=N environment of heptazine units, con-
firming the structural integrity of g-C3N4 [28]. A second peak at 284.8
eV is attributed to adventitious carbon. In contrast, TiO; and TiOy@Pt
show only the 284.8 eV peak, confirming that no carbon-containing
species are present on the TiO5 surface and that Pt deposition does not
introduce additional carbon functionalities.

The N 1 s spectra of CN-L, CN-H and their Pt-loaded analogues
(Fig. 3) exhibit the typical features of heptazine-based carbon nitride.
The main peak at 398.7 eV corresponds to sp> nitrogen in the C-N=C
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configuration, while the peak at 401.2 eV is assigned to bridging tertiary
nitrogen (N-(C)3) linking the heptazine units [28,38]. The peak shapes
and relative intensities remain essentially unchanged after Pt deposi-
tion, indicating that the chemical environment of nitrogen is preserved
and that the g-C3N4 framework remains intact.

The Pt 4f spectra (Fig. 3) provide insight into the oxidation state and
electronic environment of Pt on the different supports. All Pt-containing
samples display the characteristic Pt 4f spin-orbit doublet in the 70-77
eV region. Peak deconvolution (Fig. S10) reveals a clear support-
dependent distribution of Pt oxidation states (Table S1). On the car-
bon nitride supports, both CN-L@Pt and CN-H@Pt exhibit a mixed Pt°/
Pt®* character. In CN-L@Pt, the Pt 4f; 2 component at 71.3 eV and the
Pt%* contribution at 72.8 eV correspond to approximately 70% Pt° and
30% Pt2+, while CN-H@Pt shows an increased P2t fraction of about
40% [37]. This stabilization of oxidized Pt species is characteristic of Pt
supported on nitrogen-rich materials and reflects strong metal-support
interactions involving Pt—N coordination and partial charge transfer
from Pt to the carbon nitride framework. In contrast, TiO,@Pt contains
only metallic Pt°, indicating more complete reduction of Pt species and a
fundamentally different electronic interaction between Pt and the oxide
surface. This distinct Pt electronic structure on TiO; is consistent with
stronger electronic coupling and efficient Fermi-level equilibration be-
tween Pt and the TiO, conduction band. These results show that Pt does
not exhibit identical chemical behaviour across the different supports,
despite identical nominal synthesis conditions. Instead, the observed
differences in Pt oxidation state are intrinsic consequences of support-
dependent metal-support interactions. These differences in Pt elec-
tronic structure correlate directly with the contrasting charge-transfer
dynamics, ROS selectivity, and photocatalytic performance observed
for TiOy- and g-C3Ny-based catalysts. The Pt>* components observed in
g-C3Ny-supported samples do not originate from residual precursor
species, as indicated by the absence of chlorine in the XPS survey spectra
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Fig. 3. XPS high-resolution spectra for a) Ti 2p, b) Pt 4f, ¢) C 1s, and d) N 1s of the examined materials.
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and the complete lack of Pt>* contributions in TiO,@Pt prepared under
identical conditions. Instead, they reflect Pt atoms stabilized at the
Pt—N interface.

The valence band regions of the XPS spectra were recorded for all
photocatalysts, and the valence band maxima (VBM) were determined
by linear extrapolation of the leading edge to the baseline (Fig. S9b-d).
The obtained VBM values were combined with the optical band gaps
derived from UV-Vis DRS (Table 1) to construct the band-edge diagram
(Fig. S9e) and to estimate the effective Schottky barrier heights (SBH) at
the Pt/semiconductor interfaces (Table 1). For the pristine g-C3N4
samples, the VBM values of 2.25 eV for CN-L and 2.34 eV for CN-H are in
good agreement with literature reports for polymeric carbon nitride
[39]. Using the corresponding optical band gaps (2.67 eV for CN-L and
3.07 eV for CN-H, Table 1), the conduction band (CB) positions are
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estimated at —0.42 eV and —0.73 eV, respectively. These CB levels are
sufficiently negative to thermodynamically enable O; reduction to su-
peroxide anion radicals, while the VB positions lie close to the threshold
required for hydroxyl radical formation [40,41]. Pt deposition induces
pronounced changes in the apparent band alignment of the g-C3N4
materials, particularly for CN-L. In CN-L@Pt, the VBM shifts to lower
binding energy (1.06 eV), and, together with the slightly widened band
gap (2.74 eV), this corresponds to an apparent upshift of the CB to
—1.68 eV. The estimated apparent effective Schottky barrier height
(SBH), derived from XPS valence band extrapolation at the Pt/CN-L
interface, is 1.19 eV. This large apparent barrier indicates pronounced
interfacial band bending and a substantial thermodynamic driving force
for electron transfer from g-C3Ny4 to Pt under equilibrium conditions. As
a consequence, hole-driven hydroxyl radical formation is expected to be
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Fig. 4. a) Solid state PL spectra of bare TiO, and TiO,@Pt (excitation wavelength: 300 nm; scan performed in 0.5 nm steps with an integration time of 0.5 s; slit
width: 8 nm). b) Solid state PL spectra of bare and Pt-modified g-C3N4 (CN-L, CN-H, CN-L@Pt, CN-H@Pt) (excitation wavelength: 325 nm; scan performed in 0.5 nm
steps with an integration time of 0.5 s; slit width: 8.9 nm). c) Average lifetimes obtained from TCSPC measurements under different excitation-emission conditions,
illustrating the impact of Pt deposition on the photocarrier decay dynamics of the investigated materials.
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strongly suppressed, consistent with the reduced OH® generation
observed experimentally [40,41]. In CN-H@Pt, the band-edge modifi-
cations are more moderate. The VBM shifts slightly to 2.08 eV, the op-
tical band gap becomes 3.03 eV, and the CB is located at approximately
—0.95 eV. The corresponding effective SBH of 0.26 eV indicates weaker
band bending than in CN-L@Pt, while still favouring electron extraction
to Pt. Importantly, the VB position of CN-H@Pt remains close to the OH®
formation threshold, which is consistent with its comparatively higher
oxidative capability relative to CN-L@Pt. Pristine TiO; exhibits a VBM at
2.89 eV and a band gap of 3.26 eV, placing the CB at —0.37 eV. This
highly positive VB position explains the strong oxidizing power of TiO2
holes. After Pt deposition, the VBM of TiO,@Pt shifts slightly to 2.73 eV,
while the band gap remains essentially unchanged (3.25 eV), resulting
in a CB position of —0.52 eV. The estimated effective SBH at the Pt/TiO5
interface is 0.16 eV, indicating modest band bending that is nevertheless
sufficient for efficient electron trapping on Pt without substantially
compromising the oxidizing strength of the VB. Overall, the combined
UV-Vis DRS and valence-band XPS analysis reveals a pronounced
support-dependent influence of Pt deposition on band alignment and
interfacial energetics. On TiOo, Pt induces only minor shifts of the band
edges and forms a low effective Schottky barrier, preserving the strong
oxidative potential of the VB and enabling efficient Pt-mediated ROS
formation. On g-C3Ny4, particularly CN-L, Pt induces much stronger
apparent band bending, favouring superoxide-based reduction path-
ways at the expense of hydroxyl radical formation. These support-
dependent electronic effects provide a consistent framework for un-
derstanding the distinct ROS profiles and photocatalytic behaviours of
TiO2@Pt and CN@Pt discussed in the following sections.

3.3. Optoelectronic properties and excited-state dynamics of catalysts

The PL spectra of the photocatalysts (Fig. 4) provide insight into the
radiative recombination pathways of photogenerated charge carriers,
including band-to-band transitions and defect-mediated emission. As is
typical for wide-band-gap oxides, pristine TiO2 exhibits a broad emis-
sion band between 370 and 550 nm. This emission originates from the
recombination of electrons in shallow or deep defect states, primarily
oxygen vacancies and Ti®*-related centers, with holes in the valence
band [42]. After Pt loading, the overall PL intensity decreases signifi-
cantly across the entire spectral range. This pronounced quenching re-
flects efficient extraction of photogenerated electrons from the TiO,
conduction band into the Pt nanoparticles, which act as electron sinks
and suppress radiative recombination. Such PL attenuation is consistent
with the presence of a Pt/TiO4 Schottky junction, as confirmed by the
XPS band alignment analysis, and demonstrates enhanced charge sep-
aration in TiOo@Pt [15,16]. The g-C3Ny-based photocatalysts display
different PL behaviour that reflects the molecular electronic structure of
polymeric carbon nitride [22,29]. All CN samples exhibit a character-
istic broad emission centered at 430-480 nm, which arises from intrinsic
n-n* recombination within the heptazine framework, combined with
defect-related emissive states associated with residual amino groups,
surface vacancies, and incomplete polymerization. Among the pristine
carbon nitrides, CN-H shows the strongest PL intensity, consistent with
its more extensively condensed structure, which stabilizes radiative n-n*
transitions. In contrast, CN-L exhibits substantially weaker PL emission,
typical of less polymerized carbon nitride with a higher density of non-
radiative pathways and localized defect states. Pt deposition leads to
strong quenching of PL emission in both CN-L and CN-H. For CN-L@Pt,
the PL intensity decreases by more than one order of magnitude, while
CN-H@Pt exhibits even more pronounced suppression. This PL
quenching arises from rapid ultrafast transfer of electrons from the g-
C3Ny4 conduction band into Pt nanoparticles, providing a non-radiative
recombination channel that efficiently competes with the intrinsic
emissive transitions of g-C3N4. The extent of quenching mirrors the
electronic structure derived from XPS. Although CN-L has a more
negative conduction band minimum (—1.68 eV) than CN-H (—0.95 eV),
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this thermodynamic driving force alone does not determine the effi-
ciency of interfacial electron transfer. In defect-rich polymeric carbon
nitrides, kinetic factors such as carrier lifetime, trap-state density, and
interfacial electronic coupling govern the fraction of electrons that can
be effectively extracted. This accounts for the superior charge-transfer
behaviour observed for CN-H@Pt, despite its less negative conduction
band position. Meanwhile, the lower PL intensity of pristine CN-L
compared to CN-H also reflects its higher concentration of defect-
assisted non-radiative pathways. To further clarify the origin of these
emissive processes, the PL spectra of CN-L, CN-H, and their Pt-loaded
counterparts were deconvoluted using a three-peak Gaussian model
(Fig. S11, Table S2). The deconvoluted profiles reveal three character-
istic contributions: (i) a n-x transition associated with intrinsic band-to-
band recombination, (ii) a defect-related emission originating from ni-
trogen vacancies and residual -NHy groups, and (iii) a deeper trap-state
component linked to surface-localized defects [22,29]. Pristine CN-H
exhibits a larger n-n contribution and a lower proportion of deep-trap
emission compared to CN-L, consistent with its higher structural
condensation and reduced defect density. Upon Pt deposition, all three
emissive bands are strongly suppressed, with the most pronounced
quenching in the defect- and trap-state components. This trend dem-
onstrates that Pt nanoparticles preferentially extract electrons from
defect-derived states, the dominant recombination channels in g-C3Ny,
thereby depleting both shallow and deep radiative pathways. The se-
lective quenching observed in the deconvolution analysis is fully
consistent with the TCSPC results (discussed below), which show
accelerated decay of long-lived emissive populations, and confirms that
Pt efficiently suppresses defect-mediated recombination in carbon
nitride. While these optical signatures clearly indicate efficient interfa-
cial charge extraction upon Pt deposition, direct experimental visual-
isation of band bending or interfacial electric fields at the Pt/g-CsN4
interface is beyond the scope of this study. Therefore, the formation of a
Schottky-type metal-semiconductor contact in the CN-based systems is
inferred from consistent indirect experimental evidence, including
pronounced PL quenching, lifetime shortening, and enhanced photo-
electrochemical charge transfer, rather than from direct measurements.
Notably, recent operando and in situ spectroscopic studies have directly
demonstrated Fermi-level equilibration, interfacial electric field for-
mation, and band bending at noble metal/semiconductor interfaces,
thus providing strong physical validation for the Schottky-driven charge
separation mechanism invoked here [43]. Overall, the PL analysis con-
firms that Pt NPs effectively suppress radiative electron-hole recombi-
nation for all there supports. The combination of steady-state
quenching, PL deconvolution, and lifetime shortening provides a
coherent picture in which Pt NPs selectively extracts photoexcited
electrons from both intrinsic and defect-derived emissive states, thus
enhancing charge separation and prolonging carrier lifetimes, consistent
with the electronic band alignment and Schottky barriers determined
from XPS.

To gain deeper insight into the carrier relaxation pathways, TCSPC
measurements were performed under three different excitation-
emission conditions, each designed to selectively probe a specific
emissive channel: (1) excitation at 285 nm and emission at 430 nm to
excite only TiO (Fig. S12a, d), (2) excitation at 325 nm and emission at
449 nm to excite only g-C3N4 (Fig. S12b, e), and (3) excitation at 495 nm
and emission at 580 nm to excite only Pt-related states (Fig. S12c,f). All
decay curves were fitted bi-exponentially, and the amplitude-weighted
lifetime (Tayer,) Was used for comparison. Xz values close to unity indi-
cate good quality fit (Table S3).

When TiO, is excited at 285 nm and emission is monitored at 430
nm, the decay of pristine TiO- is dominated by a fast component of 0.66
ns (A; = 90.6%) and a minor slower component of 4.39 ns (Az = 9.4%),
giving an average lifetime of T,yer. = 1.01 ns. These components are
attributed to rapid recombination via shallow defect states and a small
fraction of longer-lived trapped carriers, respectively [44]. After Pt
deposition, the decay profile of TiOo@Pt is strongly modified. The
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predominant component is now 0.59 ns (A3 = 93.3%) with only a minor
contribution from a longer-lived channel (3.96 ns, A; = 6.7%), resulting
in a slightly shorter average lifetime of 0.82 ns. The disappearance of
most of the long-lived emissive population and the overall acceleration
of the decay are consistent with efficient electron transfer from TiO, to
Pt, which introduces a fast non-radiative channel and suppresses defect-
mediated radiative recombination [45]. These TCSPC trends fully agree
with the steady-state PL quenching observed for TiO,@Pt. Under exci-
tation at 325 nm and detection at 449 nm, the decays probe predomi-
nantly the intrinsic emission of g-C3Ny4. For CN-L, the decay consists of a
short component of 1.85 ns (Ay = 88.6%) and a minor slower one of
10.15 ns (A; = 11.4%), giving Taver, = 2.80 ns. Pt deposition shortens
both components (to 0.13 ns and 7.58 ns for CN-L@Pt) and reduces the
average lifetime to 0.88 ns, indicating the introduction of an additional
ultrafast non-radiative pathway associated with electron transfer to Pt.
The difference is even more pronounced for CN-H. Pristine CN-H dis-
plays much longer lifetimes, with t; = 28.3 ns (A; = 86.6%) and 15 =
16.9 ns (A = 13.4%), corresponding to Taver. = 26.77 ns, reflecting a
substantial population of long-lived emissive states in the more
condensed g-C3N4 framework. In CN-H@Pt, however, the dominant
component collapses to 1.9 ns (A; = 85.5%) with a secondary contri-
bution at 12.1 ns (Ay = 14.5%), and the average lifetime decreases to
3.38 ns. The pronounced reduction of the long-lived component dem-
onstrates that Pt nanoparticles efficiently extract electrons from CN-H,
in line with the strong PL quenching and the favourable band align-
ment (CB at —0.95 eV) determined from XPS and UV-Vis DRS mea-
surements. The contrasting behaviour of CN-L and CN-H can be directly
attributed to their distinct structural and electronic characteristics. CN-
L, being less condensed and containing a higher density of defect sites
and terminal -NHy functionalities, exhibits intrinsically weaker photo-
luminescence and shorter lifetimes because non-radiative pathways
dominate its relaxation. In contrast, CN-H displays much stronger pho-
toluminescence emission and significantly longer t1/t2 components,
consistent with its more polymerized heptazine network and lower
defect density, which stabilize long-lived emissive states. Consequently,
Pt loading causes a more pronounced lifetime reduction in CN-H than in
CN-L, highlighting stronger electronic coupling and more efficient
interfacial charge extraction in the highly condensed CN-H structure.
These differences in ultrafast dynamics are reflected in the UV-Vis and
XPS band-edge analysis, demonstrating that the intrinsic electronic
structure of g-C3N4 determines how effectively Pt can function as an
electron sink. Additional TCSPC measurements were carried out using
495 nm excitation and 580 nm emission to probe the dynamics of Pt-
related and low-energy defect states (Fig. S13). Under these condi-
tions, all samples exhibit very fast decays dominated by sub-nanosecond
components (Table S3). The average lifetimes are 0.58 ns and 0.51 ns for
TiO5 and TiO2@Pt, respectively, and 1.61/1.06 ns for CN-L/CN-L@Pt
and 1.65/0.98 ns for CN-H/CN-H@Pt. This behaviour is expected
because TiO5 does not absorb light at 495 nm. Therefore, the detected
emission originates exclusively from Pt-related transitions. Pt exhibits
intrinsically ultrafast relaxation due to its metallic electronic structure,
and when Pt is interfaced with TiO, an additional rapid non-radiative
channel becomes available through interfacial electron transfer from
Pt into the TiOy CB. This extra decay pathway further accelerates
relaxation, resulting in the shorter Tayer, observed for TiOo@Pt.

The slight shortening of T,yer. upon Pt loading in the CN-based ma-
terials suggests efficient relaxation of photoexcited Pt or charge-transfer
states via interfacial electron injection into the semiconductor, again
consistent with the role of Pt as an electron sink and sensitizer under
visible-light excitation. In summary, the TCSPC data reveal that Pt
deposition systematically accelerates the decay of photoexcited states
associated with both TiO and g-C3Ny, reflected in the strong suppres-
sion of long-lived emissive components and the reduction of the average
PL lifetimes. Rather than indicating increased recombination, these
shorter lifetimes at the monitored emission wavelengths signify the
opening of rapid non-radiative charge-transfer channels towards Pt.
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Together with the steady-state PL quenching and the XPS-derived band
alignment, the TCSPC results provide compelling evidence that Pt
nanoparticles act as efficient electron traps, enhancing charge separa-
tion and underpinning the improved photocatalytic performance of the
Pt-modified photocatalysts. Similar lifetime shortening and charge-
transfer acceleration at metal-semiconductor interfaces have recently
been elucidated in detail using advanced time-resolved and operando
spectroscopic techniques. Notably, the mechanistic interpretation
derived from the TCSPC results in this work is fully consistent with
recent state-of-the-art studies on noble metal-modified photocatalysts
[46]. At this stage, it is important to clarify the origin of visible-light-
induced charge carriers in the investigated systems. For g-C3Ny-based
photocatalysts, visible-light excitation arises intrinsically from the
polymeric carbon nitride framework, which directly absorbs visible
photons and generates electron-hole pairs that are subsequently sepa-
rated by Pt nanoparticles acting as electron sinks. In contrast, TiO2 does
not absorb visible-light under the applied irradiation conditions, as
confirmed by UV-Vis diffuse reflectance spectroscopy. Accordingly,
visible-light activity in TiO,@Pt is predominantly governed by Pt-
mediated excitation and interfacial charge-transfer processes, while
possible sub-band-gap or defect-related contributions from TiO2 remain
secondary under the applied conditions. Given the ultrasmall size of the
Pt nanoparticles, classical plasmonic hot-electron mechanisms are ex-
pected to be strongly damped. In this context, the spectroscopic and
photoelectrochemical signatures primarily reflect efficient interfacial
charge extraction and utilization rather than a single dominant excita-
tion mechanism.

Solid-state EPR spectroscopy was used to identify paramagnetic
centers in the investigated photocatalysts under dark conditions and
visible-light irradiation (Fig. 5). All samples exhibit signals in the g ~
2.00 region, but their intensity and response to illumination differ
markedly between TiOy- and g-C3N4-based materials, reflecting their
fundamentally different defect structures and charge-trapping mecha-
nisms. Pristine TiO, shows a composite EPR signal consisting of two
nearly equally intense components. The first resonance at g ~ 2.000
originates from oxygen-centered trapped electrons (O3 or O species at
surface oxygen sites), while the second at g ~ 1.996 corresponds to Ti>*
shallow traps arising from electrons localized in Ti 3d orbitals [47].
Additional TiO,-specific features are observed at g ~ 1.979 and g =~
1.948, representing progressively deeper electron traps. The signal at g
~ 1.979 is assigned to surface Ti>" centers in slightly distorted octahe-
dral sites, while the feature at g ~ 1.948 corresponds to more strongly
localized subsurface Ti®t-oxygen-vacancy complexes (F-center-like
states) [48,49]. A further low-field component at g ~ 1.923 is detected,
indicating the deepest and most strongly bound trapped electrons in
anatase, typically associated with bulk Ti®* centers or highly localized
Ti®*—VO-Ti** complexes [50]. Pt deposition slightly increases the
overall signal intensity, suggesting a modest rise in the population of
trapped electrons or stabilized defect centers. However, neither TiO3 nor
TiO2@Pt shows any measurable increase in EPR intensity under visible-
light irradiation (Fig. S14), demonstrating that anatase TiO, does not
form additional paramagnetic centers when excited with visible-light.
This observation is consistent with its minimal visible-light absorption
shown in UV-Vis spectra. The presence of Ti>* in EPR but not in Ti 2p
XPS spectra is well documented for TiOy systems and reflects the far
greater sensitivity of EPR to trace paramagnetic species, as well as the
susceptibility of surface Ti>" to re-oxidation during XPS analysis [51].

In contrast, all g-C3Ny-based samples display a single, symmetric EPR
line centered at g ~ 1.999, characteristic of n-radicals delocalized within
the heptazine network [52]. In the dark, CN-L exhibits a more intense
signal than CN-H, consistent with its higher density of intrinsic defects,
terminal -NHy groups, and unsaturated edge sites capable of stabilizing
unpaired electrons. Upon visible-light irradiation, both CN-L and CN-H
show a clear and significant increase in EPR intensity (Fig. S14),
demonstrating that carbon nitride efficiently absorbs visible-light and
forms additional photoinduced n-radicals or trapped electrons that are
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Fig. 5. EPR spectra of the synthesized a) TiO, and b) CN-based materials. The
spectra were recorded in the X-band under dark ambient conditions using a
modulation amplitude of 450 pT, a power attenuation of 18 dB and a gain of 1
x 10°.

sufficiently long-lived to be detected by EPR. For the Pt-modified carbon
nitride samples, Pt deposition leads to a higher baseline EPR signal in-
tensity and promotes the stabilization of photoinduced paramagnetic
centers, consistent with enhanced charge separation inferred from PL,
TCSPC, and EIS measurements. In addition to the dominant n-radical
signature, the CN samples also display a weaker low-field shoulder at g
~ 1.949. This feature is characteristic of strongly localized nitrogen-
centered radicals or electrons trapped at nitrogen vacancies, represent-
ing deeper defect states within the heptazine framework [53]. Such low-
g components have previously been reported for defect-rich g-C3N4 and
reflect highly localized, low-symmetry trap sites, distinct from the
delocalized n-radicals. Pt deposition amplifies this behaviour further.
Both CN-L@Pt and CN-H@Pt exhibit a stronger light-induced increase in
EPR signal intensity compared to their pristine counterparts, indicating
that Pt promotes charge separation by efficiently extracting photo-
generated electrons from the CN framework and stabilizing them in
nearby n-radical centers. Although the structural differences between
CN-L and CN-H influence their intrinsic defect density, both Pt-modified
samples show a very similar light-induced increase in EPR intensity,
indicating that Pt strongly enhances charge separation in carbon nitride
in both cases. This behaviour is fully consistent with steady-state PL
quenching, TCSPC lifetime shortening, and XPS derived band alignment,
all of which demonstrate efficient Pt assisted charge separation in both
CN systems. Overall, the EPR results reveal a clear dichotomy in visible-
light response. TiOz-based materials show no detectable formation of
additional paramagnetic centers under visible-light irradiation, whereas
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all g-C3Ny-based samples exhibit a pronounced increase in radical
population upon illumination. Pt selectively enhances this effect in
carbon nitride by promoting electron extraction and stabilization, while
its influence on TiO3 remains limited under visible-light. These findings
provide direct spectroscopic evidence that g-C3Ny is the primary visible-
light absorber in the studied systems and that Pt plays a critical role in
improving charge separation and radical formation in the CN materials,
thereby contributing to their superior photocatalytic performance.

The photoelectrochemical characterization, comprising transient
photocurrent measurements and electrochemical impedance spectros-
copy (EIS), provides a direct assessment of charge-carrier separation
efficiency and interfacial charge-transfer kinetics in the synthesized
photocatalysts. All measurements were performed under visible-light
irradiation, ensuring that the observed responses originate exclusively
from sub-band-gap or Pt-assisted excitation pathways. All Pt-modified
samples exhibit significantly enhanced photocurrent responses
compared to their pristine counterparts (Fig. S15a), confirming the role
of Pt as an efficient electron sink that facilitates rapid extraction of
photogenerated electrons and suppresses electron-hole recombination.
Among the CN-based materials, CN-H@Pt generates the highest steady-
state photocurrent, consistent with its superior Pt dispersion, higher
surface area, and more favourable electronic structure, as established by
TEM and XPS analyses. In contrast, CN-L@Pt displays only a moderate
increase relative to CN-L, reflecting less efficient charge separation
arising from larger Pt particles and the more defect-rich CN-L frame-
work. EIS Nyquist plots (Fig. S15b) further substantiate these trends.
Fitting with the equivalent circuit (Fig. S15¢) yields markedly lower
charge-transfer resistance (Rcr, Table 1) values for all Pt-containing
samples, indicating accelerated interfacial electron transfer at the
semiconductor-electrolyte interface. As the EIS measurements were also
conducted under visible-light illumination, the reduced semicircle di-
ameters directly reflect the improved charge-transfer kinetics enabled
by Pt-mediated visible-light activation. TiO,@Pt exhibits the lowest R¢t
(0.246 MQ), followed by CN-H@Pt (0.402 MQ) and CN-L@Pt (0.626
MQ), mirroring the photocurrent behaviour and the trend observed in Pt
nanoparticle sizes. Notably, the Rcr values of the pristine supports are
substantially higher (0.627-0.722 MQ), underscoring the decisive in-
fluence of Pt in lowering the Schottky barrier height (SBH) and enabling
faster electron extraction. These electrochemical results are fully
consistent with TEM-derived Pt particle sizes and surface charge prop-
erties. CN-H@Pt, which possesses the smallest Pt nanoparticles (1.5 nm)
and the most negative zeta potential at the deposition pH, exhibits the
most effective charge separation among the g-C3N4 samples. Conversely,
CN-L@Pt, characterized by larger Pt domains (3 nm) and a less negative
surface potential, shows weaker improvement, demonstrating how
nucleation density and support surface chemistry govern interfacial
catalytic kinetics. TiO2@Pt, featuring the smallest Pt NPs overall (1.0
nm) and the lowest SBH (0.16 eV), displays the highest charge-transfer
efficiency, particularly under visible-light excitation, consistent with the
strong electronic coupling between Pt and the anatase conduction band.
To further assess the impact of pollutant adsorption on interfacial
charge-transfer properties, additional EIS measurements were per-
formed in the presence of 10 mM BPA under otherwise identical
experimental conditions (Fig. S15d, Table 1). Although the absolute R¢r
values increase with BPA due to surface adsorption and reaction in-
termediates, the relative trend among the photocatalysts remains un-
changed. This confirms that the observed support-dependent differences
in interfacial charge-transfer efficiency are intrinsic to the catalyst sys-
tems and not an artefact of pollutant adsorption. Overall, the photo-
current and EIS analyses reveal a coherent structure-property-function
relationship, where smaller Pt NPs and lower SBH values systematically
enhance photocarrier separation and interfacial charge-transfer effi-
ciency, even under visible-light illumination where intrinsic semi-
conductor excitation is limited. This behaviour is in excellent agreement
with the optical (PL/TCSPC), structural (TEM, XRD), and surface elec-
tronic (XPS, zeta potential) characterization data.
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It should be noted that, while the combined PL, TCSPC, EPR, and
photoelectrochemical results clearly confine visible-light activity in the
investigated systems to Pt-related states, the microscopic origin of this
excitation cannot be unambiguously assigned to a single mechanism.
Possible contributions include intraband excitation of Pt NPs, ligand-to-
metal charge-transfer processes involving surface adsorbates, and pho-
tothermal effects. Importantly, regardless of the exact excitation
pathway, all observable visible-light-induced reactivity in TiO;@Pt
originates from Pt rather than the TiO, lattice; while in g-C3N4-based
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systems, Pt primarily acts as an electron-extraction and charge-
separation promoter.

3.4. Photodegradation of BPA and mechanistic analysis of reactive
oxygen species

The visible-light degradation of water-dissolved bisphenol A (BPA)
reveals fundamental mechanistic differences between Pt-modified TiO,
and g-C3N4 photocatalysts, arising directly from their contrasting optical
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and electronic properties (Fig. 6a). To distinguish the intrinsic semi-
conductor photoresponse from cocatalyst-induced effects, all optoelec-
tronic and photocatalytic properties were evaluated by comparing
pristine and Pt-modified variants of the same support under visible-light
irradiation (A > 410 nm), rather than by cross-comparison between TiO5
and g-C3Ny as direct photocatalytic systems. Importantly, the support-
dependent contrast persists even when comparing Pt-modified samples
with comparable surface area (CN-H@Pt and TiO2@Pt), confirming that
the observed mechanistic differences cannot be attributed solely to the
intrinsic photoabsorption properties of the semiconductors, but instead
arise from fundamentally different interfacial electronic interactions
with Pt nanoparticles. As anatase TiO, does not absorb visible-light, it
cannot generate electron-hole pairs under the illumination conditions
used here (Fig. S1), and electron transfer from TiO; to Pt is therefore not
possible. It should be noted that, although anatase TiO5 does not un-
dergo intrinsic band-to-band excitation under visible-light irradiation,
weak but measurable photoresponses may still arise from sub-band-gap
defect states, band-tail states, or surface-assisted charge-transfer pro-
cesses involving adsorbed species. These contributions can account for
the small photocurrent observed for pristine TiO, (Fig. S15a) and the
limited photoactivity detected under visible-light conditions, but they
remain fundamentally distinct from true semiconductor photo-
generation and are several orders of magnitude weaker than the re-
sponses observed for Pt-modified systems. Consequently, the strong BPA
degradation observed for TiO,@Pt originates exclusively from Pt-
centered visible-light excitation pathways, including ligand-to-metal
charge-transfer transitions involving surface hydroxyls and water, and
Pt-assisted oxygen activation through redox cycling between Pt° and
Pt*>*. Notably, TiO,@Pt shows substantial visible-light photocatalytic
activity despite the negligible intrinsic absorption of TiO5 above 410
nm. This further confirms that the enhanced reactivity under visible-
light irradiation does not originate from bulk semiconductor excita-
tion, but from Pt-mediated interfacial processes that dominate the
photoresponse under the applied conditions. These processes are
consistent with the pronounced PL quenching, the absence of long-lived
luminescence components in TCSPC, and the weak EPR response of TiO5
under visible-light, all of which confirm that TiO5 remains optically
inactive and serves only as a high-surface-area scaffold for Pt. The
exceptionally low charge-transfer resistance and small Schottky barrier
height (0.16 eV) further explain the high efficiency of TiO,@Pt, as they
enable rapid extraction and utilization of photoexcited electrons local-
ized on Pt sites. In contrast, g-C3Ny4 is intrinsically visible-light active
and readily generates photocarriers that can be intercepted by Pt. Upon
Pt loading, electrons in the g-C3N4 conduction band transfer ultrafast to
Pt nanoparticles, suppressing radiative recombination, as confirmed by
steady-state PL quenching, shortened TCSPC lifetimes, and XPS-derived
band energetics. EPR measurements under illumination reveal sub-
stantial enhancement of superoxide-related radical signals in Pt-
modified g-C3Ny, showing that Pt acts as an effective electron trap and
initiates O, activation via the Pt®/Pt?* redox pair. It should be noted that
these EPR measurements were performed on solid-state photocatalyst
powders and serve to identify light-induced paramagnetic species on the
catalyst surface, rather than to probe reaction intermediates formed
during BPA degradation. These interfacial processes directly translate
into improved BPA degradation efficiencies for CN-L@Pt and CN-H@Pt
compared to their pristine counterparts. A notable performance differ-
ence arises between the two g-C3N4 supports. CN-H@Pt consistently
surpasses CN-L@Pt in BPA degradation and mineralization, reflecting a
combination of favourable textural, electronic, and interfacial factors.
CN-H provides a significantly larger accessible surface area, facilitating
better pollutant adsorption and more extensive Pt-support contact. TEM
analyses show that CN-H stabilizes much smaller Pt nanoparticles (1.5
nm) compared to CN-L (3 nm), a behaviour rooted in its more negative
zeta potential and higher density of deprotonated nitrogen sites during
Pt deposition. Electrochemical measurements corroborate these trends
as CN-H@Pt exhibits markedly lower charge-transfer resistance and
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higher photocurrent density, indicating more efficient charge separation
and faster electron extraction than CN-L@Pt. XPS band-edge analysis
further reveals that CN-H@Pt possesses a much smaller Schottky barrier
height (0.26 eV) than CN-L@Pt (1.19 eV), enabling far more energeti-
cally favourable electron injection into Pt and correspondingly more
effective O, activation. The more condensed heptazine structure of CN-
H, characterized by fewer deep-trap defects, further contributes to the
superior utilization of photogenerated carriers. In addition to BPA
disappearance, the extent of carbon mineralization was evaluated by
total organic carbon (TOC) analysis (Fig. 6b). The TOC data distinguish
between mineralized carbon converted to CO5 (TOCy) and carbon
retained in partially oxidized BPA-derived species adsorbed on the
catalyst surface after reaction (TOCya). Although nearly complete BPA
removal is achieved with the most active photocatalysts, complete
mineralization is not attained under visible-light irradiation, as indi-
cated by the non-zero TOC, fraction. Notably, for TiOo@Pt and CN-
H@Pt, the main contribution to TOC removal comes from TOCy;, indi-
cating efficient deep oxidation rather than mere transformation of BPA
into stable soluble by-products. The presence of surface-associated car-
bon species is characteristic of heterogeneous photocatalytic systems
and suggests that these intermediates may undergo further oxidation
with prolonged irradiation. To further identify the dominant reactive
oxygen species involved in BPA degradation, additional ROS scavenger
experiments were conducted under visible-light irradiation (A > 410
nm) for TiO,@Pt and CN-H@Pt (Fig. S16). For TiO>@Pt, the presence of
p-benzoquinone (BQ) causes a pronounced inhibition of BPA degrada-
tion, while tert-butanol (t-BuOH) results in a moderate decrease in ac-
tivity, and formic acid (HCOOH) and sodium azide (NaNs) have only
minor effects. It should be noted that BQ may also act as a competitive
electron acceptor in addition to scavenging superoxide radicals; there-
fore, the inhibition trends are interpreted within the broader mecha-
nistic framework established in this work, rather than as standalone
evidence for exclusive superoxide participation. This indicates that su-
peroxide radicals play a dominant role in BPA degradation over
TiOo@Pt, with a secondary contribution from hydroxyl radicals,
whereas photogenerated holes and singlet oxygen contribute negligibly
under the applied conditions. In contrast, for CN-H@Pt, the strongest
inhibition is observed with the addition of HCOOH, followed by BQ,
while t-BuOH and NaNj cause only minor changes. This behaviour
demonstrates that BPA degradation over CN-H@Pt is mainly governed
by photogenerated holes and superoxide radicals, with hydroxyl radicals
contributing weakly and singlet oxygen playing a negligible role.
Finally, the operational stability of selected Pt-modified photocatalysts
was evaluated through consecutive recycling experiments during the
visible-light degradation of BPA. The representative catalysts CN-H@Pt
and TiO,@Pt exhibited stable photocatalytic performance over five
successive cycles, with no noticeable loss of activity and essentially
unchanged TOC removal efficiency, confirming good catalyst robustness
under the investigated reaction conditions (Figs. S17 and S18).

To further clarify how Pt-support interactions influence ROS selec-
tivity under visible-light illumination, we next use complementary
ABTS** oxidation and coumarin hydroxylation assays, enabling us to
map the ROS landscape of each photocatalyst and relate it to the
interfacial electronic structure established above (Fig. 7). These obser-
vations indicate that the enhanced visible-light activity of the Pt-
modified photocatalysts results from support-dependent redistribution
of photogenerated charge carriers and Pt-mediated redox processes,
rather than a universal increase in oxidative strength. The hydroxylation
of coumarin into 7-hydroxycoumarin (7-HCOU) provides a direct probe
for the formation of hydroxyl radicals under visible-light irradiation,
enabling a clear mechanistic distinction between catalysts whose
oxidative chemistry originates from semiconductor valence-band holes
and those in which Pt itself acts as the active photo-responsive compo-
nent (Fig. 7). Because TiO2 does not absorb visible-light, the observed
formation of 7-HCOU for TiO2@Pt cannot stem from TiOy band-gap
excitation. Instead, it can be attributed primarily to Pt-centered
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oxidation pathways enabled by visible-light absorption on Pt. These
pathways likely involve intra-band excitation or ligand-to-metal charge-
transfer processes at the Pt/water interface, which generate highly
oxidative Pt?>*/Pt® redox species capable of producing OH®. The
measurable 7-HCOU signal for TiO,@Pt therefore reflects Pt-driven
radical formation, fully consistent with the absence of any visible-
light-induced photocarrier signatures in TiOy, as evidenced by the lack
of PL, TCSPC, and EPR response. The behaviour of the carbon nitride
systems differs fundamentally because g-C3N4 is intrinsically photo-
active in the visible region and can generate holes energetic enough to
oxidize water or surface hydroxyl groups to OH®. Pristine CN-H produces
more 7-HCOU than CN-L, which reflects its more condensed heptazine
framework and reduced density of deep-trap states that would otherwise
consume photogenerated holes non-radiatively. After Pt deposition,
however, both carbon nitride samples exhibit a decrease in 7-HCOU
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formation. This reduction is a direct consequence of the strong
electron-sink function of Pt, which rapidly withdraws electrons from the
g-C3N4 conduction band and thereby reduces the steady-state hole
population available for hydroxyl radical formation. In both CN-L@Pt
and CN-H@Pt, this redistribution of photogenerated charge away from
the valence band suppresses hole-driven oxidation pathways and shifts
the system towards alternative ROS-generating mechanisms. Although
CN-H retains slightly higher OH® generation than CN-L due to its more
favourable electronic structure, Pt reduces hydroxyl radical formation to
a comparable relative extent in both materials. This shared trend dem-
onstrates that Pt deposition does not enhance OH® production on g-C3Ny4
but instead competes with the intrinsic oxidative pathway by providing
a fast, non-radiative electron-transfer channel that diminishes the
availability of oxidative holes. These results align with the photocurrent,
TCSPC, and PL analyses, all of which show accelerated charge
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separation and reduced radiative recombination upon Pt incorporation,
but with fewer holes remaining to drive OH® chemistry. It should be
emphasized that the applied ROS probe reactions selectively report on
different oxidative pathways and do not provide a complete inventory of
all transient reactive species present under illumination. The observed
trends therefore reflect dominant, support-dependent reaction channels
rather than exclusive ROS formation mechanisms.

The oxidation of ABTS®" cation to ABTS provides a selective probe
for one-electron oxidative pathways and thus offers complementary
mechanistic insight to the coumarin test. Unlike hydroxyl radical for-
mation, which requires strongly oxidizing valence-band holes, ABTS**
oxidation can proceed via milder oxidative species or through direct
electron transfer to Pt. Under visible-light irradiation, the photocatalysts
investigated display markedly different ABTS generation behaviours,
reflecting their distinct charge-transfer characteristics and their ability
to stabilize reactive surface redox intermediates. TiO,, which is not
photoactive in the visible range, produces negligible ABTS in its pristine
form, confirming that no photogenerated holes or electrons are created
in the TiO, lattice under these conditions. After Pt deposition, however,
TiO@Pt exhibits a clear and measurable ABTS signal. As TiO» cannot
supply photogenerated carriers under visible-light, this activity must
arise exclusively from Pt-centered one-electron oxidation pathways.
Visible-light excitation of Pt nanoparticles leads to transient populations
of hot carriers or ligand-to-metal charge-transfer states that are suffi-
ciently oxidizing to abstract an electron from ABTS"", forming ABTS.
The low Schottky barrier at the Pt/TiO interface facilitates rapid elec-
tron localization on Pt, effectively isolating Pt as the only reactive photo-
absorbing site in the system. The ABTS®' oxidation data therefore
reaffirm that Pt is solely responsible for ROS initiation on TiO,@Pt
under visible-light, consistent with conclusions drawn from coumarin,
PL, and EPR measurements. In contrast, the g-C3N4 samples display
significant ABTS generation even in their pristine forms, reflecting their
intrinsic visible-light activity and the ability of valence-band holes to
drive single-electron oxidation reactions. The introduction of Pt
dramatically enhances ABTS formation for both CN-L and CN-H, in stark
contrast to the behaviour observed in the coumarin test. This strong
increase demonstrates that Pt promotes one-electron oxidation path-
ways on g-C3Ny, even though it suppresses hole-driven OH® formation.
The mechanistic origin of this enhancement lies in the redistribution of
photogenerated charges. Pt efficiently extracts electrons from the g-C3N4
conduction band, increasing the lifetime and mobility of valence-band
holes that remain available for milder oxidative reactions such as
ABTS"" oxidation. Unlike hydroxyl radical formation, which requires
very high oxidation potentials, ABTS*" oxidation proceeds readily even
with partially stabilized holes or Pt-centered oxidants. Furthermore, the
stronger ABTS signal observed for CN-H@Pt compared to CN-L@Pt re-
flects the more favourable electronic and structural properties of CN-H.
Its smaller Pt nanoparticles, lower Schottky barrier height, and higher
degree of polymerization collectively enable more efficient charge sep-
aration and a larger steady-state population of oxidative species, which
accelerates ABTSe" oxidation. In CN-L@Pt, the presence of deep-trap
defects and larger Pt domains reduces the number of accessible oxida-
tive carriers, resulting in lower ABTS formation.

Taken together, the photocatalytic degradation experiments reveal a
consistent activity trend under visible-light irradiation: TiO2,@Pt > CN-
H@Pt > CN-L@Pt > > pristine materials. CN-H@Pt generates reactive
oxygen species more efficiently and achieves deeper BPA mineralization
than CN-L@Pt, despite identical Pt loadings, demonstrating that per-
formance is governed not by Pt content but by the support's ability to
dictate the electronic behaviour of Pt. The combined influence of Pt
nanoparticle size, Schottky barrier height, zeta potential-controlled
nucleation, interfacial charge-transfer kinetics, and photocarrier dy-
namics explains the superior reactivity of CN-H@Pt and the more
limited activity of CN-L@Pt, reflecting a direct correlation between the
physicochemical properties of the support and the functionality of Pt at
the interface. However, because BPA degradation integrates multiple
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oxidative pathways, it does not directly reveal which reactive oxygen
species dominate on each catalyst. The coumarin and ABTS®" assays
therefore provide critical mechanistic insight. The coumarin data show
that TiO,@Pt generates OH® exclusively through Pt-mediated oxidation
under visible-light, consistent with the fact that TiO, itself is not pho-
toactive in this spectral region. In contrast, both CN-L@Pt and CN-H@Pt
produce fewer hydroxyl radicals than their pristine counterparts,
demonstrating that Pt suppresses hole-driven OH® formation on g-C3N4
by rapidly extracting electrons and lowering the steady-state concen-
tration of valence-band holes. Viewed alongside the BPA results, this
clearly indicates that OH® is not the dominant ROS responsible for the
enhanced photocatalytic performance of Pt-modified TiO or g-CsNg.
The ABTS®' measurements reveal the complementary part of the ROS
landscape. In sharp contrast to the coumarin test, ABTS®" oxidation is
strongly enhanced upon Pt deposition on both semiconductors,
demonstrating that Pt shifts the ROS profile of g-CsN4 away from highly
oxidative, hole-mediated radical chemistry towards more selective one-
electron oxidation pathways. TiO>@Pt again follows the same behav-
iour: because TiO; cannot generate photocarriers under visible-light, all
ABTS formation originates from Pt-based photoexcitation and electron-
transfer processes, confirming that Pt alone governs visible-light reac-
tivity on the oxide support. Together, the coumarin and ABTS®" tests
reveal that Pt serves as the dominant mediator of ROS formation under
visible-light irradiation, but the surrounding semiconductor determines
which ROS pathways are accessible. On TiO,, Pt drives both OH® and
one-electron oxidation exclusively through its own photophysics. On g-
C3Ny, Pt suppresses hydroxyl radical formation while simultaneously
enhancing ABTS production, redirecting the reaction chemistry towards
milder oxidative pathways that nevertheless yield higher BPA mineral-
ization efficiency. This mechanistic behaviour underscores the central
conclusion of the study, namely that the semiconductor support controls
not only the electronic state and reactivity of Pt, but also the distribution
of reactive oxygen species generated under illumination, thereby
dictating the efficiency and selectivity of photocatalytic processes.

The enhancement of photocatalytic performance induced by Pt
nanoparticles results from their support-dependent electronic role,
rather than direct participation as independent catalytic centers. Under
visible-light irradiation, charge carriers are generated either in the
semiconductor support (g-C3Ny4) or via Pt-mediated sub-band-gap exci-
tation pathways. In both cases, Pt nanoparticles serve as energetically
favourable electron sinks, promoting rapid interfacial charge transfer,
suppressing electron-hole recombination, and extending the lifetime of
reactive charge carriers at the semiconductor surface. This behaviour is
demonstrated by pronounced PL quenching, shortened lifetimes in
TCSPC, enhanced photocurrent responses, and reduced charge-transfer
resistance. In TiOy-based systems, Pt enables efficient visible-light-
driven oxygen activation and superoxide formation through interfacial
electron trapping, while maintaining the strong oxidative potential of
the TiO, valence band. In contrast, in g-C3N4-based systems, stronger
electronic coupling between Pt and the polymeric framework leads to
enhanced charge separation and band bending effects, favouring hole-
driven oxidation and selective one-electron oxygen reduction path-
ways. Consequently, Pt nanoparticles function as electronic regulators
that modulate charge-carrier dynamics and ROS selectivity according to
the intrinsic electronic structure of the support, thereby directly
enhancing photocatalytic activity.

3.5. Hjy-assisted thermal and light-driven photothermal reduction of NO2

The temperature-dependent NO, reduction experiments conducted
in the dark (Fig. 8a) show that the bare supports (TiO,, CN-L, CN-H) are
essentially inactive within the investigated temperature range, whereas
Pt deposition immediately enables measurable NO, conversion. This
behaviour is fully consistent with previous studies on Pt/TiO; systems,
where bare TiO, did not catalyze Hy-assisted NO, reduction between 30
and 400 °C, while the presence of Pt activated the deNO, process and
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shifted the ignition temperature into the low-intermediate range
[15,16]. In our case, all Pt-modified materials exhibit a gradual increase
in NO; conversion with temperature, confirming that Pt provides the
primary active sites for NOy adsorption, dissociation, and subsequent
reduction, while the support mainly tunes the dispersion, redox prop-
erties, and electronic environment of the Pt phase. A clear activity trend
emerges among the Pt-containing catalysts, following the order
TiO,@Pt > CN-H@Pt > CN-L@Pt. This ranking directly reflects the
interplay between Pt dispersion, support textural properties, and Pt-
support electronic coupling. TEM and STEM-EDXS analyses show that
TiO,@Pt contains the smallest and most narrowly distributed Pt nano-
particles, whereas CN-H@Pt stabilizes slightly larger particles, and CN-
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L@Pt features significantly coarser Pt aggregates. Smaller Pt particles
expose more low-coordinated sites and metal-support interfacial re-
gions, which are particularly active for NO; activation and hydrogena-
tion of NOy intermediates. This trend matches the behaviour reported
for TiOy + Pt catalysts in the reference system, where the catalyst with
the highest dispersion of small Pt particles exhibited the best low-
temperature NO, reduction performance [15,16]. Beyond
morphology, the support also controls the electronic structure at the
metal-support junction. XPS band-edge analysis and valence-band
measurements show that the SBH at the Pt/semiconductor interface
decreases in the order CN-L@Pt (1.19 eV) > CN-H@Pt (0.26 eV) >
TiO2@Pt (0.16 eV). Although NOs reduction in the dark is driven
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thermally rather than photochemically, SBH still governs the equilib-
rium distribution of electrons between Pt and the support, and thus the
redox state and electron density on Pt. A lower SBH favours electron
accumulation on Pt at a given Fermi level, which facilitates electron
transfer into adsorbed NO, and NOy intermediates. This provides a
natural explanation for the observed activity order. TiO,@Pt, with the
lowest SBH and the smallest Pt particles, exhibits the earliest onset of
NO; conversion and the highest overall activity, while CN-H@Pt, with
intermediate SBH and moderately small Pt nanoparticles, shows
improved performance over CN-L@Pt but does not reach the activity of
TiO@Pt. Finally, CN-L@Pt, characterized by the highest SBH and the
largest Pt aggregates, displays the weakest thermocatalytic response.
The selectivity analysis (Fig. 8b) further supports the conclusion that Pt
is the main active phase and that the support primarily modulates its
kinetics rather than altering the fundamental reaction pathway. In
analogy with previously studied TiO5 + Pt catalysts [15,16], where all
materials exhibited very high selectivity towards N, formation (>97%),
our Pt-modified catalysts produce predominantly No, with NO and N»O
remaining minor by-products over the entire temperature range. This
indicates that, once NOs is activated on Pt, the sequence of elementary
steps (NO, adsorption, reduction to NO and surface nitrite/nitrate spe-
cies, followed by further hydrogenation and recombination to N3) pro-
ceeds efficiently on all Pt surfaces. Differences between TiO,@Pt, CN-
H@Pt and CN-L@Pt therefore arise mainly from how easily these
pathways are initiated (ignition temperature, apparent rate), which in
turn is dictated by Pt particle size, support reducibility, and Pt-support
interaction strength, in line with conclusions drawn for TiO5 + Pt cat-
alysts in the literature [15,16]. The dark NOy reduction experiments
demonstrate that thermocatalytic activity is not controlled by Pt loading
alone, but rather by how the support regulates Pt dispersion, oxidation
state, and electronic environment. TiOy, with its high surface area,
strong metal-oxide interactions, and low SBH, provides the most
favourable platform for Pt-mediated NO5 reduction, while CN-H offers
an intermediate case where improved textural properties and lower SBH
lead to a clear enhancement over CN-L. These thermocatalytic trends
provide a crucial reference point for the subsequent analysis of visible-

a) b)

100

Chemical Engineering Journal 533 (2026) 174635

light and photothermal NO, reduction, where additional photoinduced
charge carriers and plasmon-like Pt excitations come into play and
further amplify the role of the support in governing Pt reactivity.

Fig. 9 illustrates how the catalytic behaviour of Pt-modified TiO3 and
g-C3Ny4 changes when visible-light irradiation is applied after the cata-
lyst has reached its thermal steady state. In this experimental design,
illumination does not initiate the reaction but perturbs an already active
thermocatalytic system, allowing the separation of purely photonic
contributions from classical temperature-driven kinetics. Consequently,
the response observed in Fig. 9 reflects genuine photothermal modula-
tion of an established catalytic landscape, rather than a shift in the
ignition mechanism as seen in Fig. 8. Under dark conditions, the tem-
perature dependence follows the same hierarchy established in Fig. 8
(TiO2@Pt > CN-H@Pt > CN-L@Pt), confirming that Pt dispersion,
particle size, and Schottky barrier height determine the intrinsic ther-
mocatalytic kinetics. However, once the system is illuminated at the
target temperature, the reaction dynamics change abruptly, depending
on both the optical properties of the support and the electronic acces-
sibility of Pt. Because illumination is applied at constant temperature,
the observed increases in NO, conversion cannot be attributed to ther-
mal activation alone. Instead, they reflect the ability of visible-light to
inject nonequilibrium carriers or generate localized photothermal fields
that perturb the electronic structure of the Pt-support interface. The
strongest illumination-induced enhancement occurs at low and inter-
mediate temperatures, where the dark reaction is still limited by the
availability of reducing electrons at the Pt surface. In TiO2@Pt, where
TiO4 does not absorb visible-light, this enhancement must arise from Pt
itself. The light-induced promotion of NOg conversion is therefore
attributed to Pt-centered electronic excitation (hot-carrier formation
and sub-bandgap photothermal heating) superimposed on the pre-
existing thermal reaction. Because the system has already reached
thermal equilibrium before illumination, the magnitude of the photo-
catalytic “jump” directly reflects the efficiency with which Pt can tran-
siently deepen its reducing chemical potential under visible-light
excitation. The narrow Pt particle size distribution and ultralow SB in
TiOo@Pt amplify this effect, making it the most responsive catalyst
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under illumination. The CN-based materials exhibit a qualitatively
different behaviour. Since g-C3N4 absorbs visible-light efficiently, illu-
mination introduces an additional electron-flux channel into Pt that is
not available in TiOy@Pt. At fixed temperature, this charge injection
increases electron residence time within the Pt surface and facilitates
reduction steps that are thermally accessible but kinetically hindered in
the dark. The difference between CN-H@Pt and CN-L@Pt mirrors their
SBH values. CN-H@Pt, with its lower interfacial barrier and fewer
recombination sites, shows a much sharper illumination-induced
enhancement than CN-L@Pt. Because illumination is applied only
after the catalyst has equilibrated thermally, the magnitude of this op-
tical promotion provides a direct measure of how effectively each sup-
port can deliver and stabilize photogenerated carriers at Pt under
steady-state reaction conditions. At elevated temperatures, illumina-
tion produces only marginal improvements, indicating that once the
thermal barrier is sufficiently low, the reaction no longer depends on
optically generated carriers. This collapse of the photocatalytic advan-
tage at high temperatures emphasizes that illumination acts not as an
alternative ignition mechanism but as an electronic perturbation
superimposed on the existing thermal kinetics, and its impact is stron-
gest where the dark reaction is most electron-limited. To summarize,
Fig. 9 demonstrates that visible-light excitation modifies an already
active thermocatalytic pathway, rather than substituting for thermal
activation. The magnitude and character of this modification depend
sensitively on the interfacial energetics between Pt and the support
(particle size, SBH, and the support's optical response), revealing that
light does not change the fundamental mechanism of NO, reduction but
instead shifts the kinetic balance by altering electron availability at the
Pt surface. This mechanistic distinction, enabled only by the “heat-then-
illuminate” experimental design, provides a unique window into how
photothermal and photochemical effects integrate with classical het-
erogeneous catalysis.

4. Conclusions

This study demonstrates that the catalytic function of Pt NPs co-
catalysts in semiconductor-based photocatalysts is strongly governed by
the electronic properties of the supporting material, rather than by Pt
loading or surface accessibility alone. By deliberately matching the
textural properties of TiO, and g-C3N4 supports and applying an iden-
tical Pt NPs deposition protocol, support-induced effects on interfacial
energetics, charge-transfer behaviour, and reactive oxygen species
(ROS) pathways could be isolated with minimal geometric bias.

The results show that TiO; stabilizes predominantly metallic Pt
nanoparticles and forms a low effective Schottky barrier, enabling rapid
electron extraction and Pt-centered visible-light activity that promotes
both hydroxyl radical formation and efficient thermocatalytic NO2
reduction. In contrast, g-C3N4 induces pronounced band bending and
stabilizes mixed Pt’/Pt?* states, leading to higher interfacial barriers,
suppressed hydroxyl radical generation, and preferential activation of
one-electron oxidation pathways. These differences persist even when
TiOy and high-surface-area g-C3N4 have comparable surface areas,
confirming that Pt functionality is electronically programmed by the
support rather than dictated by surface exposure alone.

Importantly, the redistribution of photogenerated charge carriers
caused by Pt loading does not universally enhance oxidative strength but
instead redirects the ROS landscape in a support-dependent manner.
While Pt enhances visible-light activity on TiO9 primarily through Pt-
centered excitation processes, its role on g-CsN4 is to selectively
extract electrons, suppress hole-driven hydroxyl radical formation, and
promote milder yet highly effective one-electron oxidation pathways.

In this context, the semiconductor support does not merely host Pt
NPs but actively programmes their electronic structure, charge-transfer
behaviour, and catalytic role. Taken together, these findings highlight
that noble-metal cocatalysts cannot be regarded as electronically uni-
versal components in photocatalytic systems. Instead, their function
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emerges from the interplay between metal electronic structure, semi-
conductor band alignment, and interfacial charge-transfer kinetics. This
insight provides a rational framework for the deliberate design of Pt-
based photocatalysts in which the semiconductor support is used as an
active parameter to control cocatalyst functionality, ROS selectivity, and
overall catalytic performance.
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