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CO»-assisted thermal activation provides a scalable and sustainable strategy for controlled defect engineering of
graphitic carbon nitride (g-C3N4) without chemical doping or templating. In this work, COy-treated g-C3N4
materials activated between 500 and 675 °C were investigated for visible-light-driven degradation of bisphenol
pollutants in water. Progressive CO; etching induced layer thinning, porosity development, moderate nitrogen
depletion, and band-gap narrowing, while largely preserving the heptazine framework up to 650 °C. The opti-
mally activated sample (CN650) exhibited near-complete mineralisation of bisphenol An under simulated solar
irradiation, achieving 91% TOC removal and substantially enhanced photocatalytic performance compared with
pristine g-C3N4. Combined structural, spectroscopic, and photoelectrochemical analyses revealed a non-
monotonic relationship between defect density, reactive oxygen species generation, and photocatalytic activ-
ity. Although excessive activation at 675 °C promoted enhanced superoxide radical formation, it simultaneously
compromised the preservation of long-range electronic coherence and reduced effective charge utilisation. In
contrast, optimal photocatalytic performance was achieved through a balanced interplay between defect-assisted
oxygen activation and the preservation of long-range electronic coherence. The findings demonstrate that
photocatalytic efficiency is governed not simply by surface area or radical density, but by the coupling between
defect formation and charge-carrier utilisation. Furthermore, the optimally activated CN650 photocatalyst
exhibited excellent structural stability and retained its photocatalytic performance over five consecutive reuse
cycles. Overall, this work establishes CO»-assisted activation as a scalable and sustainable strategy for designing
high-performance metal-free photocatalysts for visible-light-driven water purification.

the complete removal of these compounds, prompting the development
of advanced oxidation processes capable of mineralising recalcitrant

1. Introduction

The increasing release of persistent organic pollutants into aquatic
environments poses a major threat to ecosystems and human health.
Among these contaminants, bisphenol A (BPA) and its structural ana-
logues, such as bisphenol F (BPF), bisphenol S (BPS), and bisphenol AF
(BPAF), are of particular concern due to their endocrine-disrupting ac-
tivity, high chemical stability, and widespread industrial use [1], [2].
These compounds are consistently detected in surface water, ground-
water, and even drinking water sources, reflecting their resistance to
conventional biological and physicochemical treatment processes [2].
Conventional wastewater treatment methods are often ineffective for
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organic pollutants under mild conditions [3-6].

Photocatalysis driven by solar or visible light has emerged as a
promising and sustainable approach for water remediation [7]. By uti-
lising renewable solar energy, photocatalytic processes transform
organic contaminants without the addition of chemical oxidants,
thereby minimising secondary pollution and operational costs. In this
context, graphitic carbon nitride (g-C3N4) has attracted considerable
attention as a metal-free photocatalyst owing to its suitable band gap
(~2.6-2.7 eV), chemical stability, low toxicity, and facile synthesis from
earth-abundant, nitrogen-rich precursors [8-11]. g-C3N4 has been
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widely investigated for photocatalytic water splitting, CO, reduction,
and degradation of organic pollutants, highlighting its versatility as a
visible-light-responsive semiconductor [12-14]. Additionally, the
polymeric nature of g-C3N4 allows extensive structural and electronic
tunability, making it a particularly attractive platform for rational
catalyst design [15], [16]. However, the practical application of pristine
g-C3Ny is severely limited by its low specific surface area, strong inter-
layer stacking, limited light-harvesting capability, and rapid recombi-
nation of photogenerated charge carriers [8-10].

To overcome these intrinsic limitations, extensive efforts have
focused on modifying g-C3N4 through heteroatom doping, hetero-
junction construction, defect engineering, morphology control and
band-gap engineering [15-18]. Similar defect-engineering strategies
have also been successfully applied to graphene-, transition-metal
dichalcogenide (TMDC)-, and metal oxide-based photocatalysts to
improve visible-light absorption, charge separation, and photocatalytic
activity through rational modulation of the electronic structure and
interfacial charge-transfer processes [19-21]. While these approaches
can significantly enhance photocatalytic performance, many rely on
multistep syntheses, foreign elements, or complex architectures that
limit scalability and practical implementation. Among these strategies,
post-synthetic thermal exfoliation and etching have emerged as partic-
ularly effective and scalable, enabling simultaneous tuning of crystal-
linity, porosity, and electronic structure without introducing foreign
elements [22], [23]. Thermal treatment can induce layer thinning, pore
formation, and partial framework decomposition, which collectively
enhance surface area, expose new active sites, and improve charge
transport [24].

Importantly, the gaseous atmosphere employed during thermal
treatment plays a decisive role in determining the physicochemical
properties and photocatalytic performance of g-C3N4 [25]. While air and
inert atmospheres mainly promote oxidative exfoliation or limited
defect formation, recent studies have shown that CO; acts as a unique
and mild activating agent, inducing selective etching, vacancy-related
surface defects, and modified surface chemistry [19,26]. Unlike
aggressive chemical activation routes, CO5 activation enables controlled
framework modification while preserving the metal-free nature and
chemical integrity of carbon nitride. Previous studies have demonstrated
that thermal treatment under different gaseous atmospheres (air, inert
gases, and CO») results in markedly different structural evolution and
photocatalytic behaviour of g-C3N4. Building upon these findings, the
present work focuses exclusively on COs-assisted activation to establish
a comprehensive structure-property-activity relationship as a function
of activation temperature. In particular, CO5 calcination has been shown
to outperform air and Ny atmospheres in photocatalytic hydrogen evo-
lution and pollutant degradation due to improved charge-carrier dy-
namics and interlayer electron transport. Specifically, Vega et al. [19]
reported that COq-assisted thermal treatment of g-C3N4 increases the
specific surface area and partially reduces crystallinity, resulting in
significantly enhanced photocatalytic hydrogen evolution compared to
bulk g-C3N4. This improvement was attributed to controlled CO»-in-
duced etching, which disrupts long-range order while preserving the
heptazine framework and increasing the density of accessible surface
sites. Similarly, Gaidi et al. [20] showed that thermally exfoliated
g-C3N4 nanosheets exhibit improved visible-light absorption and
charge-carrier separation, leading to enhanced degradation of organic
pollutants through increased formation of reactive oxygen species.
Together, these studies indicate that the photocatalytic performance of
COq-activated g-C3N4 depends on balancing structural activation with
preservation of electronic connectivity [17,18]. However, the relation-
ship between activation-induced structural evolution, electronic coher-
ence, and reactive oxygen species generation remains insufficiently
understood. In the present work, the term electronic coherence is used to
describe the preservation of long-range electronic communication
within the n-conjugated carbon nitride framework, which enables effi-
cient charge transport and suppresses carrier trapping despite the
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introduction of activation-induced defects. It does not refer to quantum
coherence, but rather to the ability of the extended conjugated network
to sustain efficient migration of photogenerated charge carriers across
the framework.

Morphology-controlled g-C3Ng, particularly thermally exfoliated or
partially etched nanosheets, has been reported to exhibit enhanced
adsorption capacity, improved separation of photogenerated charge
carriers, and increased generation of reactive oxygen species (ROS),
such as superoxide radicals and singlet oxygen, which are critical for
efficient photocatalytic degradation of organic pollutants [12,20,27].
The balance between surface area, defect density, and electronic struc-
ture is therefore crucial, as excessive etching or framework collapse can
be detrimental to photocatalytic activity [17,18]. Despite these ad-
vances, most existing studies focus primarily on hydrogen evolution or
model dye degradation, while systematic investigations correlating
CO»-induced structural evolution with reactive oxygen species genera-
tion and degradation of environmentally relevant micropollutants
remain scarce [19]. Furthermore, the combined influence of CO- treat-
ment temperature on porosity development, band gap modulation,
surface acid-base properties, and photocatalytic reaction pathways has
not yet been comprehensively elucidated.

Notably, unlike previous studies that primarily reported enhanced
photocatalytic activity following COs-assisted activation, the present
work systematically identifies the transition from beneficial defect for-
mation to excessive framework degradation. By systematically varying
the CO; treatment temperature (500-675 °C), we identify a defect-
coherence crossover, where increasing defect density initially en-
hances charge separation and oxygen activation, whereas excessive
activation progressively compromises the preservation of long-range
electronic coherence and limits photocatalytic efficiency. To identify
not only the optimum activation conditions but also the onset of
excessive framework degradation, the activation series was intention-
ally extended to 675 °C, where structural collapse was expected to occur.
By combining structural, spectroscopic, photoelectrochemical, and
photocatalytic analyses over a broad activation-temperature range, we
demonstrate that photocatalytic performance is governed not simply by
defect density or surface area, but by the balance between activation-
induced defect formation and the preservation of long-range electronic
coherence within the carbon nitride framework. This establishes a
general structure-property-activity relationship for COq-activated metal-
free photocatalysts.

2. Experimental
2.1. Catalyst synthesis

Bulk carbon nitride (CN) was prepared by thermal polycondensation
of dicyandiamide (DCDA). Typically, 2.0 g of DCDA was placed in an
alumina crucible and calcined in a muffle furnace under ambient air by
heating to 550 °C at a rate of 300 °C h™! and holding for 4 h. After
natural cooling to room temperature, the resulting yellow solid was
collected and designated as CN. CO»-treated carbon nitride samples
(CNXXX) were obtained by secondary thermal treatment of CN under a
continuous COs flow at controlled temperature. Briefly, 1.5 g of CN was
loaded into a rectangular MgO crucible and placed in a quartz tubular
furnace. The system was purged with pure CO, (purity 4.8) at room
temperature for 15 min prior to heating. The samples were then heated
to the desired final temperatures (500, 550, 600, 625, 650, or 675 °C) at
a rate of 120 °C h™!, maintained for 1 h, and cooled naturally to room
temperature under a continuous COy flow of 30 L h™!. The resulting
materials were labelled CN500, CN550, CN600, CN625, CN650, and
CN675, respectively. Thermal treatment at 700 °C resulted in complete
decomposition of the carbon nitride framework, yielding no recoverable
solid.
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2.2. Physicochemical and spectroscopic characterisation

The crystalline structure of the materials was analysed by X-ray
diffraction (XRD) using Cu Ka radiation. Morphology and microstruc-
ture were examined by scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM), including high-resolution TEM
(HRTEM) and energy-dispersive X-ray spectroscopy (EDS) for elemental
analysis. Textural properties, including specific surface area and pore
size distribution, were determined by N, physisorption measurements
(BET method). Skeleton density and total pore volume were evaluated
by helium pycnometry. Surface acidity and basicity were quantified by
pyridine-TPD and CO,-TPD, respectively, while thermal stability was
assessed by thermogravimetric analysis (TGA). Surface chemical
composition and electronic states were investigated by X-ray photo-
electron spectroscopy (XPS), with binding energies referenced to the C
1s signal at 284.8 eV. Optical properties were characterised by UV-Vis
diffuse reflectance spectroscopy (DRS). Steady-state and time-resolved
photoluminescence (PL and TCSPC) measurements were performed to
analyse charge-carrier dynamics. Electron paramagnetic resonance
(EPR) spectroscopy was used to detect intrinsic paramagnetic defects
and photoinduced reactive oxygen species (ROS). These complementary
techniques were selected to establish structure-property-activity re-
lationships and to elucidate the electronic and surface modifications
induced by CO; treatment, particularly regarding defect formation,
charge-carrier dynamics, and reactive oxygen species generation under
visible-light irradiation. Detailed instrumental parameters, data acqui-
sition settings, and fitting procedures are provided in the Supplementary
information.

2.3. Photoelectrochemical characterisation

Photoelectrochemical measurements were conducted using a con-
ventional three-electrode configuration in 0.5 M NaySO4 aqueous elec-
trolyte under visible-light irradiation using a Schott KL 2500 LED lamp
(emission spectrum shown in Fig. Sla). Impedance spectra were ana-
lysed by fitting the Nyquist plots to an equivalent circuit comprising
solution resistance (Rg), charge-transfer resistance (Rct), and a constant
phase element (CPE). Further details regarding electrode preparation,
instrumental settings, and data fitting are provided in the Supplemen-
tary information.

2.4. Photocatalytic activity tests

Photocatalytic oxidation experiments under simulated solar irradi-
ation were carried out using a Sciencetech SciSun Series arc lamp system
operated at 1 Sun intensity (emission spectrum shown in Fig. S1b). The
reactions were performed in a bottom-flat electrochemical glass reactor
thermostatted at 20 °C with a Julabo F25/ME circulating thermostat.
Bisphenol A (BPA, Aldrich, purity >99.0%) was selected as the primary
model organic pollutant at an initial concentration of 10 mg L~}
(0.0438 mM). The photocatalyst concentration was set at 125 mg L™ in
100 mL of the aqueous pollutant solution, with continuous stirring at
400 rpm and an airflow rate of 7.2 L h™!. Before illumination, the sus-
pension was kept in the dark for 30 min to ensure adsorption-desorption
equilibrium. In addition to BPA, the degradation of structurally related
bisphenol analogues (bisphenol F (BPF), bisphenol S (BPS), and
bisphenol AF (BPAF)) was investigated under identical experimental
conditions. In all cases, the initial concentrations of the analogues were
adjusted to be equimolar with respect to BPA. During irradiation, liquid-
phase samples were withdrawn at predetermined intervals and filtered
through 0.2 pm regenerated cellulose membrane filters before analysis.
The selected photocatalytic conditions were based on our previous
optimisation studies [1,9,11] and commonly reported protocols for
visible-light photocatalytic degradation of bisphenol pollutants. The
catalyst loading, initial pollutant concentration, airflow rate, reaction
volume, and irradiation conditions were chosen to ensure reproducible
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photocatalytic testing, continuous oxygen supply throughout the reac-
tion, and direct comparison among all investigated photocatalysts under
identical experimental conditions.

To elucidate the role of reactive species involved in the photo-
catalytic process, a series of quenching experiments was conducted
using the same reactor configuration and the CN600 and CN650 catalyst
samples. p-Benzoquinone (BQ), sodium azide (NaNs3), methanol
(MeOH), disodium ethylenediaminetetraacetate (NaEDTA), and formic
acid (HCOOH) were employed as scavengers for superoxide anion rad-
icals (*03), singlet oxygen oy, hydroxyl radicals (*OH), and photo-
generated holes (h"), respectively. In all cases, the scavenger
concentration was maintained at 10 mM.

The concentrations of BPA, BPF, BPAF, and BPS were determined by
HPLC using a Shimadzu LC-40 system equipped with a BDS Hypersil C18
column (100 x 4.6 mm, 2.4 pm) and PDA detection (190-350 nm).
Methanol/water mixtures were used as the mobile phase (70:30, v/v for
BPA and BPAF; 60 vol% methanol for BPS and BPF), with flow rates of
0.3-0.5 mL min '. The column and autosampler temperatures were
maintained at 30 °C and 25 °C, respectively.

Total organic carbon (TOC) content in liquid-phase samples was
quantified using a Shimadzu TOC-L analyser equipped with an ASI-L
autosampler, with synthetic air (Messer) employed as the oxidising
gas. The analytical uncertainty, determined from three replicate mea-
surements, was within +1%. Elemental carbon, nitrogen, and hydrogen
contents of fresh and spent photocatalysts were measured using a Per-
kinElmer CHNS 2400 Series II analyser.

Recycling experiments were conducted to assess the stability and
reusability of the selected photocatalyst. After each 120-min irradiation
run, the suspension was filtered through a 0.2 pm regenerated cellulose
membrane filter. The recovered catalyst was thoroughly washed with
ultrapure water to remove residual organic species, dried at 60 °C
overnight, and reused under identical experimental conditions in a fresh
pollutant solution. No additional thermal regeneration or reductive
treatment was applied between cycles.

3. Results and discussion
3.1. Structural and textural characterisation of COz-treated g-C3Ny

The structural evolution of g-C3N4 during COs-assisted thermal
treatment was first examined by X-ray diffraction (Fig. 1, Table 1).
Pristine CN displays two characteristic reflections at 20 ~ 13.22° and
27.42°, corresponding to the (100) in-plane periodic arrangement of
heptazine units and the (002) interlayer stacking of conjugated aromatic
layers [28], [29]. After CO, treatment at moderate temperatures
(500-600 °C), both reflections remain observable but exhibit gradual
shifts and peak broadening. The (100) peak shifts slightly to higher 26
values, corresponding to a decrease in the in-plane spacing from 0.669
to ~0.660 nm, indicating local rearrangement within the heptazine
planes during the early stages of activation. Simultaneously, the crys-
tallite size decreases from 5.8 to ~4-5 nm, suggesting progressive loss of
long-range in-plane coherence. For CN625, the (100) reflection shifts
further and significantly decreases in intensity, indicating substantial
disruption of planar periodicity. At 650 °C, the (100) reflection disap-
pears, suggesting the predominance of edge sites and short heptazine
fragments rather than extended periodic domains. In contrast, the (002)
reflection remains detectable up to CN650 but progressively broadens
and shifts to lower angles, corresponding to expansion of the interlayer
spacing and pronounced thinning of stacked domains. The progressive
broadening and shift of the (002) reflection indicate weakening of
interlayer interactions and partial exfoliation, whereas complete
disappearance of both reflections at 675 °C confirms collapse of the
carbon nitride framework.

The crystallographic trends identified by XRD are reflected in the
morphological evolution observed by SEM and TEM. SEM micrographs
of pristine CN (Fig. 2, S2 and S3) reveal dense agglomerates composed of
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Fig. 1. X-ray diffraction (XRD) patterns of pristine and CO,-activated g-C3N4
samples: a) full diffraction patterns, and b) stacked patterns highlighting the
characteristic (100) and (002) reflections (according to ICDD 00-066-081),
illustrating the progressive structural evolution induced by CO,-assisted ther-
mal treatment.

Table 1

XRD-derived structural parameters of pristine and CO,-activated g-C3N4 sam-
ples, including peak positions (26), interplanar spacings (d), and crystallite sizes
for the (100) in-plane and (002) interlayer reflections.

Sample (100) (002)
20 d- Crystallite 20 d- Crystallite
spacing size spacing size
° nm nm ° nm nm
CN 13.22  0.669 5.8 27.42  0.325 5.5
CN500 13.28  0.666 5.7 27.45  0.325 5.1
CN550 13.41 0.660 4.4 27.43  0.325 5.0
CN600 13.39  0.661 5.0 27.35 0.326 4.5
CN625 13.59 0.651 2.6 27.23  0.327 4.0
CN650 n.d. n.d. n.d. 27.05  0.329 2.0
CN675 n.d. n.d. n.d. n.d. n.d. n.d.

n.d. - not determined.

thick, strongly stacked layers with limited surface accessibility, consis-
tent with the pronounced (002) reflection. After CO4 treatment at 500-
550 °C, the overall morphology remains largely agglomerated, but
surface fissures and partially delaminated regions appear, indicating the
onset of structural loosening and weakening of interlayer contacts. From
CN600 onwards, the materials progressively evolve into thinner and
rougher nanosheets, indicating advanced exfoliation of the layered
framework. At 650 °C, the morphology changes markedly: CN650 con-
sists of fragmented and perforated nanosheets with irregular internal
voids, suggesting that COz-induced etching occurs throughout the
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layered structure rather than only at the external surface. TEM and
HRTEM images confirm progressive thinning of stacked domains,
culminating in perforated nanosheets for CN650.

ATR-FTIR spectra of pristine and COj-treated g-C3N4 samples
(Fig. 3a) provide insight into the evolution of surface functional groups
during thermal activation. All samples exhibit the characteristic vibra-
tional features of polymeric g-C3Ny, indicating that the heptazine-based
framework is largely preserved over a wide range of treatment tem-
peratures. The broad band at 2700-3500 cm™!, attributed predomi-
nantly to the stretching vibrations of terminal -NH/-NHj groups, with a
minor contribution from adsorbed water and surface hydroxyl-related
species, progressively decreases with increasing activation tempera-
ture, reflecting gradual removal of terminal -NH, groups during thermal
treatment [30]. This trend is consistent with CHN analysis, which shows
a decrease in hydrogen content up to CN600-CN625. In the fingerprint
region, strong bands between 1200 and 1650 cm ™! corresponding to
C-N-C and C=N stretching within the heptazine units remain largely
unchanged [31], confirming that CO, activation does not disrupt the
fundamental chemical structure of g-C3Ny4. The characteristic heptazine
breathing mode at 805 cm™! remains clearly visible up to CN650,
despite extensive exfoliation and porosity development. In contrast, this
band becomes broadened for CN675, indicating increased structural
disorder. No additional bands associated with oxygen-containing func-
tional groups are observed, confirming that CO acts primarily as a se-
lective activating agent rather than an oxidising atmosphere [23].

The evolution of textural properties induced by CO-assisted thermal
activation was investigated by N5 adsorption-desorption measurements,
with the corresponding isotherms and pore size distributions shown in
Fig. S7 and the quantitative parameters summarised in Table 2. Pristine
CN exhibits low nitrogen uptake over the entire relative pressure range,
consistent with its limited specific surface area (15 m? g~1) and poorly
developed porosity [26]. Similar behaviour is observed for CN500 and
CN550, indicating that CO5 treatment up to 550 °C does not significantly
alter the accessible surface area or pore structure. A moderate increase
in nitrogen uptake appears for CN600, accompanied by a slight rise in
specific surface area (18 m? g~!), suggesting the onset of internal
structural opening. More pronounced changes occur for CN625, where
nitrogen adsorption increases and a hysteresis loop characteristic of
mesoporous materials becomes visible, indicating the formation of an
interconnected mesoporous network resulting from COg-induced
etching [23]. For CN650, the adsorption isotherm shows a steep increase
in nitrogen uptake at intermediate relative pressures with a well-defined
hysteresis loop, confirming extensive mesoporosity development [32].
The specific surface area increases sharply to 51 m? g~! and the pore
volume to 0.19 cm® g1, The average pore diameter remains relatively
constant (~14 nm), suggesting that CO; activation promotes homoge-
neous expansion of internal porosity rather than uncontrolled macro-
pore formation. At the highest treatment temperature (CN675), the
specific surface area further increases to 117 m? g~! with a pore volume
of 0.22 cm® g~1. However, this apparent improvement coincides with
nitrogen loss and the disappearance of XRD reflections, indicating that
the high surface area originates from framework fragmentation rather
than controlled activation [33].

Helium pycnometry (Fig. S7c, Table 2) provides additional insight
into the nature of the generated porosity. Despite the significant increase
in surface area and pore volume from CN to CN650, the skeletal density
remains nearly constant (~1.816-1.845 g cm’S), whereas the bulk
density decreases markedly from 0.430 to 0.135 g cm ™. This behaviour
indicates that CO, activation primarily induces internal void formation
and structural thinning without extensive carbonisation of the carbon
nitride framework. In contrast, reliable skeletal density values could not
be obtained for CN675, confirming the loss of structural integrity at
excessive activation temperatures.

The effect of COs-assisted thermal treatment on the elemental
composition of g-C3N4 was analysed by CHN analysis (Table 2). Pristine
CN exhibits carbon and nitrogen contents of 34.6 and 58.3 wt%,
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Fig. 2. TEM micrographs of dispersed g-C3N4 powders at different CO, activation temperatures: a) CN, b) CN500, ¢) CN550, d) CN600, e) CN650, and f) CN675. All
images were acquired at comparable magnification (scale bar: 200 nm), illustrating the progressive exfoliation, perforation, and eventual structural degradation

caused by COs-assisted thermal treatment.

respectively, consistent with the expected composition of polymeric
carbon nitride [34]. Following CO; treatment up to 625 °C, the
elemental composition remains largely unchanged, indicating that the
fundamental g-C3N4 framework is preserved during moderate activa-
tion. In contrast, the hydrogen content decreases progressively from
2.1 wt% (CN) to 1.3 wt% (CN600), reflecting gradual removal of ter-
minal -NH groups and weakly bound species during thermal treatment
[35]. The decreasing hydrogen content indicates progressive removal of
terminal NHy groups during thermal treatment. At higher activation
temperatures, a clear compositional change occurs. For CN650, the ni-
trogen content decreases to 55.4 wt%, indicating the onset of selective
nitrogen depletion associated with extensive structural etching. This
change coincides with the disappearance of the (100) XRD reflection and
the strong increase in surface area. At 675 °C, the elemental composition
changes markedly, with significant decreases in both nitrogen and car-
bon contents accompanied by an increase in hydrogen content. These
results indicate severe framework degradation and partial carbon-
isation, consistent with the disappearance of characteristic XRD re-
flections, collapse of the layered morphology, and the loss of structural
integrity confirmed by helium pycnometry [36].

Thermogravimetric analysis was used to evaluate the thermal sta-
bility of g-C3Ny4 after COy-assisted activation, with the characteristic
decomposition temperatures (Tsp and Tgg) summarised in Table 3
(Fig. S8). Pristine CN exhibits Tgg and Tso values of 607 and 642 °C,
respectively, consistent with the thermal behaviour expected for poly-
meric carbon nitride [33]. For samples treated in CO2 up to 600 °C,
thermal stability remains largely preserved. CN500 and CN550 show
slightly increased Tsg and Ty values, likely due to partial condensation

and removal of thermally labile terminal groups, while CN600 exhibits
thermal behaviour comparable to pristine CN. At higher activation
temperatures, a progressive decrease in thermal stability is observed.
CN625 shows reduced decomposition temperatures, indicating the onset
of structural weakening associated with exfoliation and porosity
development. For CN675, Tqy decreases drastically to 433 °C, confirm-
ing severe framework degradation. This behaviour is consistent with the
disappearance of XRD reflections, nitrogen loss observed in CHN anal-
ysis, and the collapse of the layered morphology. Notably, the reference
sample thermally treated in CO, without prior activation (CN-CO3) ex-
hibits significantly higher thermal stability, demonstrating that CO, it-
self does not destabilise the carbon nitride framework, while the reduced
stability of highly activated samples originates from excessive etching
and defect accumulation at elevated temperatures [30].

Overall, the combined XRD, ATR-FTIR, electron microscopy,
textural, elemental, and thermogravimetric analyses reveal progressive
COy-induced exfoliation, porosity development, and defect formation
while largely preserving the heptazine framework up to CN650. In
contrast, further activation at 675 °C results in significant framework
degradation, as evidenced by the loss of crystallinity, nitrogen depletion,
and reduced thermal stability. The CN-CO; reference confirms that COy
itself does not destabilise the carbon nitride framework. Collectively,
these results identify CN650 as the structural optimum, providing the
foundation for the subsequent evolution of the surface chemistry, elec-
tronic structure, and photocatalytic performance.
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Fig. 3. a) ATR-FTIR spectra of pristine and CO,-activated g-C3N4 samples, showing -NH,/-OH stretching vibrations, C-NH-C/C=N/C-N-C stretching modes of the
heptazine framework, and the characteristic tri-s-triazine breathing. UV-Vis diffuse reflectance spectra of pristine and COs-activated g-C3N4 samples: b) absorbance
spectra and c¢) Kubelka-Munk-transformed Tauc plots for band gap estimation, illustrating the progressive red shift and band gap narrowing induced by CO5-assisted
thermal activation.

Table 2

Elemental composition (CHN), textural properties (specific surface area (Sggr), pore volume (Vpore), and pore size (dyore)), and density parameters of pristine and CO,-
activated g-C3N4 samples.

Sample C H N SpET Vpore dpore Skeletal density Average total pore volume Bulk density
% % % m [2] g’1 cm [3] g’1 nm gem™ cm [3] g’1 g Lt
CN 34.6 2.1 58.3 15 0.06 15.1 1.835 1.78 0.430
CN500 34.9 1.7 58.9 15 0.06 15.5 1.821 2.14 0.372
CN550 35.2 1.6 58.9 16 0.06 15.7 1.816 1.94 0.402
CN600 35.3 1.3 58.5 18 0.06 14.6 1.825 2.44 0.334
CN625 35.4 1.5 58.1 21 0.08 14.9 1.838 3.10 0.274
CN650 34.6 1.5 55.4 51 0.19 14.2 1.845 6.88 0.135
CN675 31.6 1.9 47.9 117 0.22 7.5 n.d. n.d. n.d.

n.d. - not determined.

3.2. Surface chemical properties of COx-treated g-C3Ny4

X-ray photoelectron spectroscopy (XPS) was conducted to analyse
the surface composition and electronic states of the pristine and CO»-

activated g-C3N4 samples. Survey spectra (Fig. S9) confirm that carbon

and nitrogen remain the dominant surface elements up to 650 °C, with

only minor oxygen contributions (1-2 at.%). In contrast, CN675 shows a
marked increase in surface oxygen (6.6 at.%) along with detectable Na
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Table 3

Thermal stability parameters derived from thermogravimetric analysis (Tgo and
Tso), surface acid-base properties obtained by pyridine- and CO,-TPD (density of
acidic surface sites, DAcSS; concentration of acidic surface sites, cAcSS; density
of basic surface sites, DBaSS; concentration of basic surface sites, cBaSS), and
charge-transfer resistance (Rcr) values determined from electrochemical
impedance spectroscopy for pristine and CO»-activated g-C3N4 samples.

Sample Too Tso DAcSS cAcSS DBasSS cBasSS Rer
°C °C mmol mmol mmol mmol MQ
m2 g ! m2 ¢!
CN 607 642  0.0001 0.001 0.0040 0.060 0.498
CN500 615 641 n.d. n.d. n.d. n.d. n.d.
CN550 627 654 n.d. n.d. n.d. n.d. 0.443
CN600 604 640 n.d. n.d. n.d. n.d. 0.347
CN625 591 623 n.d. n.d. n.d. n.d. n.d.
CN650 533 610  0.0001 0.007 0.0055 0.279 0.403
CN675 433 613 n.d. n.d. n.d. n.d. 0.416
CN CO, 655 763 n.d. n.d. n.d. n.d. n.d.

n.d. - not determined.

and Ca signals, consistent with partial framework degradation and the
formation of carbonate-related surface species at excessive activation
temperatures. The Na 1s signal appears only for CN675, whereas the Ca
2p contribution becomes more evident for the highly activated CN650
and CN675 samples. These signals are attributed to trace inorganic
impurities that become more readily detectable following framework
thinning, nitrogen depletion, and mass loss during severe CO5 activa-
tion. High-resolution N 1s spectra (Fig. 4a) display the characteristic
dominant component at 398.7 eV, corresponding to sp2-hybridised
C-N=C species within the heptazine framework [37]. From CN to

a)

——2CN C=N-C
—— CN500
—— CN550
—— CN600
—— CN625 -NH
—— CN650
—— CN675

-+ satellite

Normalized intensity

407 406 405 404 403 402 401 400 399 398 397 396
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Fig. 4. Normalised high-resolution XPS spectra of a) N 1s and b) C 1s regions
for pristine and COj-activated g-C3N4 samples. The spectral shape remains
largely preserved up to 650 °C, whereas CN675 exhibits pronounced peak
broadening, reduced n—r* intensity, and increased C-O contributions, indi-
cating structural disorder at excessive activation temperatures.
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CN650, the overall spectral shape, binding energy positions, and peak
envelopes remain largely preserved. Minor variations in the
high-binding-energy region are not systematic and indicate that the
surface chemical structure remains largely unchanged up to CN650.
Only CN675 shows pronounced peak broadening and redistribution of
spectral intensity, consistent with structural disorder and reduced
electronic coherence. Similarly, the C 1s spectra (Fig. 4b) exhibit the
typical graphitic carbon nitride features, including the main C-Nj
contribution at 288.2 eV and a n-n* shake-up satellite associated with
extended aromatic conjugation [30,38]. Up to 650 °C, the relative
spectral profile remains essentially unchanged, indicating preservation
of the conjugated framework. In CN675, attenuation of the n—n* feature
and increased C-O contributions (286 eV) further confirm disruption of
the aromatic network. Quantitative analysis (Table S1) shows that the
N/C ratio within the g-C3N4 framework remains in the narrow range
1.41-1.44 for CN-CN650. These results confirm that CO; activation up to
CN650 preserves the chemical identity of the carbon nitride framework
despite significant structural evolution. Valence band spectra were
analysed to determine the valence band maximum (VBM) [39]. The
optical band gap (E;) values used in the subsequent analysis were
independently obtained from UV-Vis diffuse reflectance spectroscopy
(Tauc plots).

Using the VBM and E; values, the relative conduction band position
was estimated (Table S2) according to [40]:

Ecg =Eyp — Eg (€]

Here, Eyp refers to the valence band maximum determined by XPS, and
Eg is the optical band gap obtained from UV-Vis diffuse reflectance
spectroscopy (discussed in chapter 3.3). While the VBM remains nearly
constant throughout the activation series, progressive band gap nar-
rowing shifts the estimated conduction band position closer to the Fermi
level (Eg). Because Eyp is referenced to Eg, the calculated Ecp values
reflect relative energetic trends rather than absolute redox potentials
[36]. The absence of significant valence band shifts, together with pre-
served surface stoichiometry up to CN650, indicates that CO, activation
primarily induces defect-assisted electronic modulation rather than
extensive chemical reconstruction. Together with XRD and CHN ana-
lyses, the XPS results confirm preservation of the carbon nitride
framework up to CN650 despite pronounced electronic modulation
arising from activation-induced defect formation.

The surface acid-base properties of selected g-C3sN4 samples were
quantified by pyridine-TPD and CO,-TPD, with the results summarised
in Table 3. Pristine CN shows a very low density of acidic sites
(0.0001 mmol m~2; 0.001 mmol g™ 1), confirming the absence of sig-
nificant Brgnsted acidity and the predominantly neutral or weakly basic
character of the carbon nitride surface. In contrast, a moderate con-
centration of basic sites is detected (0.0040 mmol m’z;
0.060 mmol g~1), consistent with the presence of Lewis basic nitrogen
functionalities within the heptazine framework [35]. Following
CO»-assisted activation, a pronounced modification of surface basicity is
observed for CN650. While the density of acidic sites remains essentially
unchanged on an area-normalised basis (0.0001 mmol m’z), their
concentration per unit mass increases to 0.007 mmol g1 as a direct
consequence of the substantially increased accessible surface area. This
confirms that CO, activation does not introduce new acidic functional-
ities but rather exposes existing surface sites. In contrast, both the
density and concentration of basic surface sites increase markedly for
CN650, reaching 0.0055 mmol m 2 and 0.279 mmol g}, respectively
[34]. Importantly, the increase in basic site density per unit surface area
demonstrates that the enhancement in surface basicity cannot be
attributed solely to higher surface area, but reflects genuine chemical
modification of the surface, including enrichment in Lewis basic nitro-
gen sites and the formation of oxygen-containing surface groups detec-
ted by XPS. This behaviour is consistent with COy-induced exfoliation
and internal etching, which expose edge nitrogen atoms and



G. Zerjav et al.

defect-associated coordination environments, as evidenced by XRD,
SEM, and TEM analyses [41]. The absence of reliable TPD data for in-
termediate samples (CN500-CN625) and for CN675 is attributed to
either insufficient surface accessibility (low-temperature-treated sam-
ples) or excessive structural degradation (CN675), which precludes
meaningful quantification of surface acid-base sites under the applied
experimental conditions.

The impact of CO»-assisted thermal activation on the surface charge
properties of g-C3N4 was examined using pH-dependent zeta potential
measurements, providing insight into the electrostatic behaviour of the
photocatalysts under aqueous conditions (Fig. S10). Zeta potential is a
key parameter governing colloidal stability, adsorption of charged or
polar organic molecules, and interfacial interactions with dissolved
oxygen species during photocatalytic reactions [42]. Pristine CN ex-
hibits a relatively negative surface charge over a broad pH range,
reflecting the predominance of neutral and weakly basic nitrogen
functionalities within the polymeric framework. Upon CO; activation, a
systematic shift in the zeta potential curves is observed, with the point of
zero charge (pH,,) displaced towards higher pH values [43]. This shift
is most pronounced for CN650, indicating an increased contribution
from exposed Lewis basic nitrogen sites and edge functionalities
generated during CO»-induced exfoliation and internal etching, as well
as the formation of polar oxygen-containing surface groups detected by
XPS, which can further contribute to water adsorption. The upward shift
of pHy, implies that CO»-activated samples, particularly CN650, possess
a more positively charged or less negatively charged surface under
near-neutral conditions compared to pristine CN. Importantly, the
modified surface charge is not merely a consequence of increased sur-
face area, but reflects genuine chemical restructuring of the surface ni-
trogen environments. In contrast, the CN675 sample exhibits markedly
different zeta potential behaviour. Despite its high apparent surface
area, the zeta potential curve shows a reduced or irregular shift of the
PHp;c, accompanied by a diminished magnitude of surface charge. This
indicates loss of well-defined surface nitrogen functionalities and
increased surface heterogeneity, consistent with severe framework
degradation observed by XRD, CHN, and TGA. Rather than further
enhancing electrostatic interaction with aqueous species, excessive CO5
activation at this temperature leads to poorly defined surface charge
characteristics, which are unfavourable for controlled adsorption and
interfacial charge transfer. The modified surface charge is expected to
promote adsorption of polar phenolic molecules and facilitate interfacial
interactions with dissolved oxygen during photocatalysis [44]. The loss
of a well-defined surface charge for CN675 therefore provides an addi-
tional electrostatic rationale for its inferior photocatalytic behaviour,
despite its high surface area. Moreover, the modified electrostatic
environment is expected to affect interaction with dissolved molecular
oxygen, thereby influencing the formation and stabilisation of reactive
oxygen species.

Collectively, COy-assisted thermal activation selectively enhances
the surface basicity and electrostatic properties of g-C3N4 within a
narrow activation window while preserving the chemical identity of the
carbon nitride framework. The optimally activated CN650 sample
combines increased Lewis basicity with favourable surface charge
characteristics, providing a chemically and electrostatically optimised
interface for photocatalytic reactions. In contrast, excessive activation at
675 °C leads to deterioration of the surface chemical and electrostatic
properties as a result of framework degradation. Collectively, these re-
sults establish a direct link between CO5-induced surface modification
and the subsequent evolution of the electronic structure and charge-
carrier dynamics discussed in the following section.

3.3. Optical and electronic properties of COz-activated g-C3Ny4
The optical response of the COy-activated g-C3Ny4 series was evalu-

ated by UV-Vis diffuse reflectance spectroscopy (Fig. 3b). The spectra
are presented in their original (non-normalised) form to illustrate the
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evolution of the diffuse optical response following CO, activation. The
optical band-gap energies were determined exclusively from Kubelka-
Munk transformed diffuse reflectance data using the Tauc method
(Fig. 3c) and are summarised in Table S2 [45]. Pristine CN exhibits the
characteristic absorption edge of polymeric g-C3Ny4, with an optical band
gap of 2.74 eV, consistent with its visible-light activity [26], which is
mainly limited to the near-UV/blue region. COz-assisted thermal acti-
vation induces a systematic red shift of the absorption edge and a pro-
nounced enhancement of visible-light absorption. This trend is already
apparent for CN500 and CN550, where the band gap decreases to
2.69 eV, indicating modest electronic structure modification at low
activation temperatures. A much stronger effect is observed for
higher-temperature treatments: E; decreases progressively to 2.61 eV for
CN600, 2.50 eV for CN625, and 2.38 eV for CN650. This gradual nar-
rowing demonstrates that CO activation continuously introduces elec-
tronic perturbations that extend light harvesting further into the visible
region. In parallel with the band gap decrease, the absorbance spectra
show an increasingly pronounced long-wavelength tail for
CN600-CN650. Such sub-bandgap absorption is typically associated
with defect-related states and increased structural disorder, which
introduce mid-gap or band-tail levels that facilitate optical transitions at
lower photon energies [30]. Together with XPS, these results indicate
that CO; activation modifies the electronic structure primarily through
activation-induced defect formation rather than chemical reconstruc-
tion. At the highest activation temperature, CN675 exhibits the strongest
red shift and the smallest apparent band gap (2.15 eV), accompanied by
very intense and broad visible-light absorption. However, this extreme
optical response coincides with severe nitrogen loss (CHN), reduced
thermal stability (TGA), and loss of crystallographic signatures (XRD),
indicating that the pronounced band gap narrowing observed for CN675
likely reflects extensive framework disruption and the formation of
highly disordered domains, accompanied by significant changes in the
local bonding environment of the carbon-nitrogen network.

Excitation spectra (Fig. 5) further support the activation-induced
evolution of the electronic structure. All samples display dominant
excitation features centred at approximately 328 nm and within the 360-
385 nm region (around 368 and 376 nm). The band at 328 nm corre-
sponds to high-energy n—n* excitation within the heptazine-based con-
jugated framework, while the increasingly structured excitation
response at 368-376 nm reflects an enhanced contribution from lower-
energy electronic states closer to the band edge, commonly attributed
to band-tail or defect-related states [26,30]. The pronounced splitting
and shouldering of the 360-385 nm feature observed in highly activated
samples (CN625-CN675) indicate the presence of multiple electronically
distinct excitation channels, consistent with defect-assisted band gap
narrowing and increased structural disorder inferred from UV-Vis
diffuse reflectance analysis. Accordingly, excitation at 328 nm pre-
dominantly probes the intrinsic framework response, whereas excitation
in the 368-376 nm range selectively addresses activation-induced
sub-bandgap states, providing a rational basis for the excitation wave-
lengths used in the PL and TCSPC analysis.

To provide an integrated overview of the excitation-dependent
photoluminescence behaviour, an excitation-emission matrix (EEM)
was recorded for the representative optimally activated sample CN650
(Fig. S11). The EEM visualises the PL response across a broad excitation
(339-387 nm) and emission (400-640 nm) wavelength range and reveals
two dominant excitation regions centred at ~330 nm and 370-380 nm,
both converging to a broad emission band spanning the blue-green re-
gion (460-500 nm). Importantly, both excitation channels lead to
emission within the same spectral window, indicating that excited car-
riers relax toward a common emissive state before radiative recombi-
nation [34]. This excitation-emission continuity supports the
interpretation that CO, activation primarily modifies charge-carrier
relaxation dynamics through controlled defect-assisted electronic
tuning.

Steady-state photoluminescence spectra recorded under excitation at
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Fig. 5. Excitation spectra of pristine CN and CO,-treated samples calcined at
different temperatures: a) complete temperature series (CN-CN675), and b)
enlarged view of high-temperature samples (CN625-CN675).

328 nm and in the 364-376 nm range are shown in Fig. S12. Under
excitation at 328 nm, which predominantly probes near-band-edge
electronic transitions, pristine CN and moderately activated samples
(CN500-CN600) exhibit a broad emission band centred at 460-480 nm,
characteristic of intrinsic radiative recombination in polymeric g-C3N4
[46]. With increasing CO5 activation temperature, a pronounced
quenching of PL intensity is observed, particularly for CN625-CN675,
indicating the progressive opening of non-radiative relaxation path-
ways that affect even intrinsically excited charge carriers [47]. In
contrast, excitation in the 364-376 nm region predominantly probes
defect-related electronic states associated with band-tail levels formed
during COs-assisted activation of the carbon nitride framework [48].
Under these conditions, the PL response becomes markedly more sen-
sitive to activation temperature. CN600 exhibits the highest emission
intensity, suggesting the presence of electronically accessible defect
states that still support radiative relaxation. For CN650 and CN675, the
emission intensity is strongly suppressed and the spectral features
become less well defined, reflecting increased structural and electronic
disorder and rapid non-radiative depopulation of defect-assisted excited
states.

To further analyse the evolution of individual emission contribu-
tions, the steady-state PL spectra recorded under excitation in the 364-
376 nm range were deconvoluted using a multi-Gaussian fitting pro-
cedure (Fig. S13), and the extracted peak positions and relative areas are
summarised in Table S3 [49]. For all samples, the PL response is
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consistently described by four overlapping emission components located
at approximately 405.9-407.9 nm (peak 1), 433.4-459.9 nm (peak 2),
452.4-486.4 nm (peak 3), and 496.7-526.5 nm (peak 4). The persistence
of these components across the entire temperature series indicates that
CO,-assisted activation does not introduce new emissive states but
instead redistributes the contribution of existing radiative relaxation
pathways. While the peak positions remain largely invariant with acti-
vation temperature, the relative peak areas show pronounced and sys-
tematic changes. Moderately activated samples (CN500-CN550) display
an increased contribution from intermediate- and low-energy emission
components (peaks 2-4), reflecting enhanced population of defect- and
edge-associated emissive channels [50]. For CN625 and CN650, the
areas of peaks 2 and 3 decrease sharply, while for CN675 all emissive
components are strongly diminished, resulting in weak and poorly
resolved PL spectra. This redistribution and eventual loss of emissive
contributions demonstrate that PL quenching induced by CO3 activation
originates from progressive depopulation of radiative relaxation path-
ways rather than from spectral transformation or formation of new
emitting states. Low-temperature PL measurements (77 K, Fig. S14)
confirm that the room-temperature PL quenching originates from
enhanced non-radiative relaxation rather than elimination of emissive
states [51].

Time-correlated single-photon counting (TCSPC) measurements
were performed to elucidate the influence of COs-assisted thermal
activation on the intrinsic charge-carrier recombination dynamics of g-
C3N4. Representative decay profiles recorded under pulsed excitation
are shown in Fig. S15-S17, and the corresponding fitting parameters are
summarised in Table S4. For all samples investigated, the PL decays are
well described by multi-exponential functions dominated by a fast decay
component in the sub-nanosecond time regime (t; ~ 0.46-2.54 ns),
accompanied by one or more minor longer-lived contributions
(T2 ~ 2.78-19.2 ns) [52].

Despite the pronounced quenching observed in steady-state PL
spectra, CO5-assisted activation does not lead to systematic prolongation
of the photoluminescence lifetimes. Under excitation at 325 nm and
emission around 460-480 nm, pristine CN exhibits an intensity-weighted
average lifetime (™®"7,y) of 5.9 ns. Upon moderate CO, activation,
intenyer. increases slightly to 7.8 ns for CN500 and to 10.7-11.4 ns for
CN550-CN600, reflecting an increased contribution from slower decay
components associated with activation-induced defect states. This trend
does not persist at higher activation temperatures: for CN650, ™71,
decreases again to 7.8 ns, while for CN675 it drops further to 4.1 ns,
despite the strongest steady-state PL quenching observed for these
samples. A similar behaviour is observed for decay profiles recorded at
shorter emission wavelengths, which probe higher-energy emission
states of the material.

At Aem = 437-440 nm, CN625 and CN650 exhibit increased average
lifetimes of 4.16 and 5.23 ns, respectively, whereas CN675 shows a
markedly reduced average lifetime of 1.95 ns. At higher-energy emission
(Aem = 409 nm), all samples display very short average lifetimes
(ntenr ver. = 0.9-1.4 ns) with only minor variations across the series. This
behaviour is consistent with the deconvoluted steady-state PL spectra,
where the highest-energy emission component (peak 1) remains essen-
tially unchanged upon CO; activation, while the lower-energy emission
components evolve significantly. These observations indicate that CO4
activation mainly affects defect-related recombination pathways,
whereas the fastest band-edge recombination processes remain largely
unaffected. Importantly, the absence of lifetime extension at high acti-
vation temperatures, combined with strong steady-state PL quenching,
demonstrates that COq-assisted thermal treatment neither suppresses
intrinsic radiative recombination nor generates long-lived emissive trap
states. Instead, activation-induced defect and edge states primarily serve
as efficient non-radiative relaxation or charge-extraction channels [53].
This interpretation is further supported by the increasing dominance of
the fast decay component (A;>90%) in highly activated samples,
particularly CN650 and CN675, as shown by the amplitude-weighted
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fitting parameters in Table S4.

Dark solid-state X-band EPR spectra of pristine and COq-activated g-
C3Ny4 samples recorded at room temperature are shown in Fig. 6a. All
materials display a single first-derivative EPR signal centred within a
narrow g-value range of approximately 2.002 to 2.006, characteristic of
unpaired electrons delocalised within the n-conjugated carbon nitride
framework and/or associated with intrinsic nitrogen-related defect and
edge sites [54]. The absence of additional resonances across the series
indicates that COs-assisted thermal activation does not introduce new
paramagnetic species but instead modulates the population and elec-
tronic environment of native spin-active centres inherent to g-C3N4. The
EPR signal intensity shows a pronounced, non-monotonic dependence
on activation temperature. Pristine CN exhibits the weakest signal,
consistent with a low concentration and poor accessibility of para-
magnetic centres in the bulk, highly stacked framework. Upon CO,
activation, the EPR intensity increases markedly, reaching a maximum
for CN600, indicating the most effective generation or exposure of
intrinsic defect-related spin centres under moderate activation condi-
tions. This behaviour reflects controlled exfoliation and internal etching
of the carbon nitride framework, which enhances the accessibility of
electronically active edge and defect sites while preserving sufficient

a)
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n-electronic conjugation to support spin delocalisation [38]. Consistent
with XPS results showing preserved nitrogen chemical states up to
650 °C, this behaviour confirms that CO, activation primarily increases
the density and accessibility of electronically active defect centres
without causing large-scale chemical reconstruction of the carbon
nitride framework.

At higher activation temperatures, the EPR intensity decreases for
CN650 and CN675, indicating progressive disruption of long-range
electronic coherence and partial degradation of the conjugated
network. This decrease parallels the strong quenching of steady-state
photoluminescence, the collapse of individual emission components
revealed by Gaussian deconvolution, and the shortening of charge-
carrier lifetimes observed by TCSPC for highly activated samples. The
combined spectroscopic evidence thus indicates that excessive COq
activation does not further increase the density of electronically effec-
tive defect centres but instead promotes their electronic decoupling and
the dominance of non-radiative relaxation pathways. Importantly, the g-
value position and overall spectral shape remain essentially unchanged
across the activation series, demonstrating that the chemical nature of
the paramagnetic centres is preserved and that COs-assisted activation
primarily affects their density, accessibility, and electronic coupling,
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Fig. 6. a) Solid-state EPR spectra of pristine and COs-activated g-C3N4 samples recorded in the dark at room temperature. All samples display a characteristic single-
line signal centred at g = 2.003, attributed to intrinsic carbon- and nitrogen-related paramagnetic defect centres. The dashed lines indicate the g-values used for
comparison, and the cavity spectrum is shown as a reference. b) Transient photocurrent responses of pristine and CO»-activated g-C3N4 photoelectrodes recorded
under visible-light illumination (grey area). ¢) Nyquist plots from electrochemical impedance spectroscopy showing the activation-dependent evolution of interfacial

charge transfer resistance.
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rather than introducing new defect types. In this context, the maximum
EPR intensity observed for CN600 identifies an optimal defect density
regime, in which intrinsic spin-active centres are sufficiently abundant
and electronically connected to facilitate charge separation without
inducing excessive structural or electronic disorder.

To further investigate the photoresponse of the intrinsic para-
magnetic centres, solid-state EPR spectra were recorded under visible-
light illumination and compared with spectra obtained in the dark
(Fig. S18). Upon illumination, all samples show a clear change in EPR
signal intensity, while the g-value position and overall spectral line
shape remain essentially unchanged. This behaviour indicates that light
exposure modulates the population of pre-existing spin-active centres
rather than generating new paramagnetic species [48]. Notably, the
magnitude of the light-induced EPR response depends strongly on the
CO4 activation temperature and is most pronounced for the highly
activated samples CN650 and CN675, which show the largest light-dark
intensity difference. This observation indicates that illumination leads to
a strong modulation of paramagnetic centre populations in these ma-
terials, consistent with a high density of electronically accessible states
that respond to photoexcitation. CN600 also shows a distinct photo-
response, confirming efficient photoactivity in the optimal activation
regime; however, its light-dark intensity difference is smaller than that
observed for CN650 and CN675. Importantly, the unchanged g-values
under illumination further confirm that CO, activation does not alter the
chemical identity of the paramagnetic centres. Instead, COs-assisted
activation predominantly controls their population and photo-
responsiveness, which evolve non-monotonically across the activation
series. Considered together with excitation-dependent PL and TCSPC
results, the light-induced EPR response highlights that strong photoin-
duced spin modulation can occur even in highly activated samples,
while other spectroscopic metrics (PL intensity, decay dynamics, and
dark EPR trends) capture the balance between defect generation and
preservation of electronic coherence.

Taken together, the spectroscopic analyses demonstrate that CO,-
assisted thermal activation systematically tunes the optical and elec-
tronic properties of g-C3Ny4 while preserving the chemical identity of the
framework up to CN650. Progressive defect formation enhances visible-
light absorption and promotes efficient charge separation; however,
excessive activation leads to dominant non-radiative relaxation and
progressive loss of long-range electronic coherence. Consequently, the
optimum electronic functionality is observed for CN600, where elec-
tronically accessible defect states remain effectively coupled within the
conjugated carbon nitride framework. These findings demonstrate that
the electronic properties of COs-activated g-C3N4 are governed by the
balance between defect generation and preservation of electronic
coherence rather than by maximisation of defect density alone.

3.4. Photoelectrochemical properties and interfacial charge transfer

The photoelectrochemical behaviour of pristine and CO»-activated g-
C3Ny4 photoelectrodes was investigated by transient photocurrent mea-
surements and electrochemical impedance spectroscopy (EIS) under
visible-light irradiation to elucidate the activation-dependent evolution
of charge separation, transport, and interfacial charge-transfer pro-
cesses. Transient photocurrent responses recorded under chopped
visible-light illumination (Fig. 6b) reveal a clear and reproducible
photoresponse for all COz-activated samples, whereas pristine CN ex-
hibits only a weak current density. The steady-state photocurrent shows
a pronounced non-monotonic dependence on the CO, activation tem-
perature, following the order CN600 > CN650 > CN675 > CN550 > CN.
The highest photocurrent observed for CN600 indicates the most
favourable balance between photogenerated charge separation and
long-range charge transport through the g-C3N4 film. In contrast,
although CN650 and CN675 exhibit enhanced visible-light absorption
and a higher density of activation-induced defect states, their photo-
current responses are lower than that of CN600, indicating that
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excessive defect formation may introduce additional charge-trapping
sites. The comparatively lower photocurrent of CN550 reflects insuffi-
cient electronic tuning at lower activation temperatures, despite largely
preserved structural coherence.

Electrochemical impedance spectroscopy provides quantitative
support for these trends. Nyquist plots recorded under visible-light
irradiation (Fig. 6¢) display depressed semicircles characteristic of
non-ideal interfacial charge-transfer behaviour [55]. The spectra were
fitted using the equivalent electrical circuit shown in Fig. S19, consisting
of the solution resistance (Rg) in series with a parallel combination of the
charge-transfer resistance (Rcr) and a constant phase element (CPE),
accounting for surface heterogeneity and distributed capacitive behav-
iour of the porous g-C3Ny films [56]. The extracted Rcr values (Table 3)
show a clear activation-dependent trend. CN600 exhibits the lowest
charge-transfer resistance (0.347 MQ), confirming the most efficient
interfacial electron transfer. This is followed by CN650 (0.403 MQ) and
CN675 (0.416 MQ), while higher resistances are observed for CN550
(0.443 MQ) and pristine CN (0.498 MQ), indicating progressively hin-
dered charge transfer at the electrode-electrolyte interface. The rela-
tively high absolute R¢y values are characteristic of polymeric g-C3N4
photoelectrodes and reflect their intrinsically low electrical conductivity
[26]. Importantly, the EIS-derived charge-transfer resistances mirror the
photocurrent response, demonstrating that the steady-state photocur-
rent is governed primarily by interfacial charge-transfer kinetics rather
than by light absorption or defect density alone. The photo-
electrochemical results are fully consistent with the spectroscopic ana-
lyses presented in Section 3.3, identifying CN600 as the optimum
activation regime for charge separation and interfacial charge transport.
However, photoelectrochemical measurements probe efficient carrier
extraction to an electrode, whereas slurry photocatalysis depends on
local charge consumption at the catalyst surface. Consequently, the
relationship between the photoelectrochemical response and the pho-
tocatalytic performance is discussed in the following sections.

3.5. Photocatalytic degradation of bisphenols and surface-driven reaction
mechanism

The photocatalytic activity of pristine and COz-activated g-CsNy4
samples was evaluated using bisphenol A (BPA) as a representative
organic pollutant under visible-light irradiation in aqueous suspension.
Before illumination, all experiments included a dark equilibration
period to establish adsorption-desorption equilibrium and to distinguish
purely adsorptive contributions from photoinduced degradation pro-
cesses. As shown in Fig. 7a, a partial decrease in BPA concentration is
already observed during the dark adsorption period, particularly for
strongly COs-activated samples such as CN650 and CN675 (Table S2).
This behaviour reflects enhanced adsorption on defect- and edge-rich
surfaces generated by COs-assisted thermal activation. Importantly,
this dark adsorption is not merely a pre-equilibrium artefact but is a key
prerequisite for efficient photocatalysis, as it preconcentrates BPA
molecules in the immediate vicinity of photoactive surface sites [57].
The increased adsorption capacity is consistent with the higher acces-
sibility of nitrogen-based surface functionalities identified by ATR-FTIR,
pyridine-TPD, and zeta potential analyses. These surface sites may
enhance interactions between the catalyst surface and BPA molecules,
thereby promoting photocatalytic reactions.

Upon visible-light irradiation, BPA degradation proceeds well
beyond the adsorption equilibrium for all activated samples, confirming
that BPA removal is dominated by photocatalytic reactions rather than
adsorption alone. Pristine CN shows negligible activity under illumina-
tion, whereas CO»-activated samples exhibit substantially enhanced
degradation. The activity follows a clear activation-temperature-
dependent trend, with CN650 displaying the highest BPA degradation
efficiency, followed by CN675, CN625, CN600, CN550, and CN500. This
non-monotonic behaviour evidences the existence of an optimal acti-
vation window in which surface functionality, electronic structure, and
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Fig. 7. a) Photocatalytic degradation of bisphenol A (BPA) dissolved in water under simulated solar irradiation using pristine and COy-treated CN samples. The
suspension was stirred in the dark for 30 min before illumination to establish adsorption-desorption equilibrium. b) Total organic carbon (TOC) removal, mineralised
carbon (TOCyy), and organic carbon accumulated on the catalyst surface (TOC,) after 120 min of irradiation, highlighting mineralisation efficiency. c-d) Scavenger
experiments conducted under identical conditions reveal superoxide-radical-driven oxidation pathways, with CN650 showing enhanced reactive oxygen species
generation and charge-carrier utilisation compared to CN600. Error bars represent the standard deviation obtained from three independent experiments (n = 3).

charge utilisation are favourably balanced. To quantitatively compare
the photocatalytic performance of the samples investigated, the BPA
degradation data were further analysed using a pseudo-first-order ki-
netic model (Fig. S20). The apparent reaction rate constants (kapp), ob-
tained from the linear relationship between In(Cy/C) and irradiation
time, are summarised in Table S6. The kinetic analysis closely follows
the degradation trends observed in Fig. 7a, with CN650 exhibiting the
highest apparent reaction rate constant (2.23 x 1072 min™?), followed
by CN675 (9.32 x 103 min™!), whereas pristine CN and the mildly
activated samples displayed substantially lower values (1.67-
2.66 x 1072 min™1). These results further confirm that CN650 provides
the optimum balance between activation-induced defect formation and
the preservation of long-range electronic coherence, resulting in the
most efficient photocatalytic degradation of BPA.

To further clarify the extent of pollutant mineralisation, total organic
carbon (TOC) measurements were combined with CHNS elemental
analysis of fresh and spent catalysts (Fig. 7b). The reported minerali-
sation efficiencies are based on TOC analysis of the liquid phase and
therefore reflect the removal of dissolved organic carbon under the
applied photocatalytic conditions. The total TOC removal can be divided
into two contributions: estimated mineralisation (TOCy;), estimated
from the combined TOC and CHNS analyses, and carbon accumulation
on the catalyst surface (TOC,), quantified from the difference in carbon
content between fresh and used catalysts. For all samples investigated,
TOC, remains very low (1-3%), indicating negligible accumulation of
partially oxidised intermediates on the catalyst surface and confirming
the absence of significant surface fouling. The dominant fraction of TOC
removal is therefore attributed to TOCy, indicating extensive mineral-
isation under the applied photocatalytic conditions. The activation-
dependent trend in mineralisation closely follows the BPA degradation
behaviour. Pristine CN and mildly activated samples (CN500-CN600)
exhibit limited TOC removal (17-21%), whereas CN625 shows a mod-
erate increase (32%). CN650 achieved the highest TOC removal (91%),
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corresponding to the highest mineralisation efficiency among the
investigated photocatalysts, with 88% assigned to TOCy;. This result
clearly identifies CN650 as the optimal activation regime, where defect-
assisted oxygen activation and preserved electronic coherence are most
effectively coupled. Although CN675 no longer represents an optimised
photocatalyst, its inclusion is essential because it defines the upper limit
of beneficial COs-assisted activation and provides direct experimental
evidence for the transition from beneficial defect formation to excessive
framework degradation. Despite maintaining a high mineralisation
fraction (68% of the removed TOC, Fig. 7b), its overall mineralisation
efficiency remains lower than that of CN650 due to reduced overall BPA
degradation. These results suggest that CN650 represents the optimal
activation regime, where surface reactivity and electronic coherence are
most effectively coupled, enabling near-complete mineralisation rather
than partial transformation. Although TOC analysis combined with
CHNS measurements provides a quantitative assessment of dissolved
organic carbon removal and carbon accumulation on the catalyst sur-
face, detailed identification of soluble degradation intermediates and
establishment of a complete carbon mass balance were beyond the scope
of the present study. Nevertheless, the very low TOC, values (1-3%)
indicate negligible accumulation of carbonaceous species on the catalyst
surface, supporting the conclusion that the observed TOC removal is
predominantly associated with mineralisation rather than surface
fouling. Further identification of degradation intermediates by LC-MS or
GC-MS will be addressed in future studies.

To further benchmark the performance of the COs-activated photo-
catalysts, Table 4 compares the photocatalytic degradation of bisphenol
A over recently reported g-CsNs-based photocatalysts operating under
visible-light irradiation. Most reported strategies enhance photo-
catalytic activity through heteroatom doping, defect engineering, or
thermal exfoliation, which improve visible-light absorption, charge
separation, and the availability of catalytically active sites. Although
several of these photocatalysts achieve complete BPA degradation, they
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Comparison of recently reported g-C3N4-based photocatalysts for visible-light photocatalytic degradation of bisphenol A with the CO»-activated g-C3N,4 photocatalyst

developed in the present work.

Photocatalyst Modification BPA Catalyst Time k BPA TOC Stability Ref.
mg L7} mg L} min min~? % %
Co-OCNVN Co/N vacancies 15 400 180 0.0286 100 66 6 cycles [58]
Oxygen-rich EGCN Exfoliation 2 500 120 0.0450 100 NR 3 cycles [59]
Carbon-defect g-C3N4 C doping + defects 10 200 90 0.0614 100 60.6 5 cycles [60]
O-doped porous g-C3Ny4 O doping 30 2500 240 0.0062 82.6 84.3 Stable [61]
Carbon self-doped g-C3N4 C self-doping 10 500 150 0.0180 93.2 27.6 5 cycles [62]
This work (CN650) CO, activation 10 125 120 0.0223 94.2 91.0 5 cycles This work

NR - not reported. Apparently first-order rate constants (k) were calculated or reported assuming pseudo-first-order kinetics under the experimental conditions

described in the respective references.

generally require substantially higher catalyst loadings (200-
2500 mg L1) than the COy-activated photocatalyst developed in the
present work. In contrast, CN650 achieves 94.2% BPA degradation
together with the highest mineralisation efficiency (91% TOC removal)
using a catalyst loading of only 125 mg L' under visible-light irradia-
tion. Importantly, unlike previous studies that primarily focused on
improving photocatalytic performance through structural modification,
the present work establishes a comprehensive structure-property-
activity relationship by systematically correlating the evolution of the
carbon nitride framework with charge-carrier dynamics, reactive oxy-
gen species generation, and photocatalytic activity over a broad COy
activation-temperature range. The identification of the defect-coherence
crossover demonstrates that optimum photocatalytic performance is
governed by the balance between activation-induced defect formation
and preservation of the conjugated carbon nitride framework rather
than by defect density or reactive oxygen species generation alone.
These findings highlight CO»-assisted thermal activation as a simple,
scalable, and sustainable strategy for designing high-performance metal-
free photocatalysts for visible-light-driven water purification.

The nature of the reactive species governing BPA degradation was
investigated by scavenger experiments (Fig. 7c and d). For CN650, the
addition of p-benzoquinone (BQ) almost completely suppresses BPA
degradation, confirming superoxide anion radicals (*03) as the primary
oxidising species under the applied conditions [63], [64]. Sodium azide
(NaN3) causes substantial but incomplete inhibition, with c/c¢ rising
from 0.10 to 0.46 after 120 min, indicating that oxygen-centred reactive
pathways contribute to the overall reaction network, potentially
involving singlet oxygen species derived from superoxide chemistry. In
contrast, MeOH (primarily *OH scavenger) and NaEDTA (hole scav-
enger) exert only minor influence, demonstrating that hydroxyl radicals
and direct hole oxidation play secondary roles. For CN600, the overall
degradation extent is considerably lower (c/cy ~ 0.77 after 120 min),
and NaNj increases c/cg to 0.839. Although the absolute effect is smaller
than for CN650, the relative decrease in degradation efficiency is com-
parable. This indicates that similar reactive oxygen species are involved
in both systems. However, their generation and effective utilisation are
significantly more efficient in CN650. The difference between CN600
and CN650 therefore does not primarily arise from a change in the
identity of the reactive species, but rather from the degree of interfacial
coupling between photogenerated charge carriers and oxygen activation
sites. Under slurry photocatalytic conditions, efficient BPA degradation
is therefore governed mainly by surface-mediated oxygen activation
rather than by favourable bulk charge transport characteristics alone.

Direct evidence for reactive oxygen species formation during pho-
tocatalysis was obtained from DMPO spin-trapping EPR measurements
performed after visible-light irradiation (Fig. S21). All COs-activated
samples exhibit characteristic multiplet signals corresponding to the
DMPO-*0; adduct, whereas pristine CN shows only a weak response
[65]. The intensity of the DMPO-derived signal increases with activation
temperature, with CN650 and CN675 displaying the strongest genera-
tion of superoxide anion radicals. Notably, the photocatalytic activity
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does not follow the same trend. CN675 produces the highest absolute
DMPO-detected superoxide signal; however, its photocatalytic perfor-
mance remains lower than that of CN650. These results indicate that
maximal radical generation does not necessarily translate into optimal
photocatalytic performance. Efficient pollutant degradation instead re-
quires balanced coupling between defect-assisted oxygen activation and
preserved electronic coherence. This behaviour indicates that excessive
activation promotes radical formation but simultaneously introduces
structural disorder and recombination pathways, which limit overall
catalytic efficiency. The superior performance of CN650 therefore re-
flects an optimal defect-coherence regime, where substrate adsorption,
defect-assisted charge extraction, and superoxide-mediated oxidation
are most effectively coupled. The EPR findings corroborate the
scavenger-based identification of superoxide radicals as the primary
oxidising species governing BPA degradation. The stronger inhibition
observed following p-benzoquinone addition for CN600 and CN650 is
consistent with the higher DMPO-"0O3 EPR signal intensity, confirming
the dominant role of superoxide anion radicals during BPA degradation.
To further evaluate oxygen-centred reactive species, TEMP spin-probe
EPR measurements were performed under identical visible-light irradi-
ation conditions (Fig. S22). The characteristic TEMPO triplet confirmed
the formation of singlet oxygen (*05) for all investigated samples, with
the signal intensity increasing in the order CN600 < CN650 < CN675.
Similar to the DMPO spin-trapping results, the strongest 'O, signal was
observed for CN675, despite its lower photocatalytic activity compared
with CN650. This further demonstrates that enhanced reactive oxygen
species generation alone is insufficient to achieve optimal photocatalytic
performance and that efficient utilisation of the generated reactive ox-
ygen species is equally important. Although CN675 exhibits the stron-
gest EPR response, its lower photocatalytic activity further demonstrates
that reactive oxygen species generation alone is insufficient to achieve
optimal photocatalytic performance and must be accompanied by effi-
cient charge utilisation and the preservation of long-range electronic
coherence. It should be noted that scavenger experiments are inherently
semi-quantitative because the selectivity and reaction kinetics of indi-
vidual scavengers are not absolute. Therefore, the proposed reaction
mechanism is based on the combined evidence obtained from scavenger
experiments together with DMPO and TEMP spin-probe EPR, PL, TCSPC,
and EIS analyses.

To further connect solid-state spectroscopy with realistic photo-
catalytic conditions, steady-state PL (Fig. S23) and TCSPC measure-
ments were performed in aqueous suspensions using the same catalyst
loading and BPA concentration as in the degradation experiments. PL
spectra recorded under excitation at 370 nm and 445 nm show sub-
stantially stronger quenching for CN650 compared to CN500, both in
pure water and in BPA-containing suspensions, indicating more efficient
interfacial charge extraction under reaction-relevant conditions. A
direct comparison of the PL response for each catalyst measured in water
and in BPA solution further reveals that the presence of BPA induces
additional PL quenching relative to water alone, consistent with the
opening of substrate-assisted interfacial non-radiative charge-
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consumption pathways. Time-resolved PL measurements (Table S4)
show that the intensity-weighted average lifetimes remain largely
comparable in water and in BPA-containing suspensions, while the
relative amplitudes of individual decay components are redistributed.
This behaviour indicates a shift from bulk-like radiative recombination
pathways towards surface-mediated non-radiative extraction channels,
rather than a systematic prolongation of intrinsic radiative lifetimes.

To clarify the role of dissolved oxygen in interfacial charge-
consumption processes, additional TCSPC measurements were con-
ducted for CN500 in water after removing dissolved O, by purging the
suspension with Ny, which reduced the oxygen concentration from 8.14
to 0.26 mg L™! (Table S5). The decay profiles recorded under oxygen-
depleted conditions closely resembled those measured in aerated
water, with only minor changes in the average lifetime and relative
decay amplitudes. This behaviour indicates that dissolved oxygen does
not dominate the intrinsic radiative recombination dynamics of g-C3Ny,
but instead acts as a competitive surface electron acceptor, diverting
photogenerated electrons into oxygen reduction pathways without
significantly altering the bulk lifetime. The combined observation of
strong PL quenching in the absence of lifetime extension confirms that
photogenerated electrons are rapidly consumed at the catalyst-solution
interface and diverted into chemical reaction pathways, enabling effi-
cient formation of reactive oxygen species. These trends are fully
consistent with DMPO-EPR spin trapping, scavenger experiments, and
photocatalytic activity measurements, and further support the conclu-
sion that BPA degradation is governed by fast surface charge utilisation
rather than by bulk recombination kinetics.

Photocatalytic degradation of BPA over COs-activated g-C3N4 arises
from the interplay between structural evolution, electronic structure,
and interfacial redox processes. CO»-assisted thermal activation pro-
gressively thins the carbon nitride layers, exposes edge terminations,
and increases the density of defect-associated sites while largely pre-
serving the heptazine framework. Moderate activation (CN550-CN600)
improves charge separation and transport, whereas stronger activation,
particularly for CN650, promotes rapid extraction of photogenerated
electrons to surface oxygen activation sites, as evidenced by pronounced
PL quenching together with the absence of lifetime prolongation in
TCSPC. These electrons are efficiently transferred to dissolved oxygen,
generating superoxide anion radicals that drive BPA oxidation, as
confirmed by scavenger experiments and DMPO spin-trapping EPR. The
weak correlation between TCSPC lifetimes and photocatalytic activity
reflects the fundamentally different processes probed by these tech-
niques: TCSPC measures radiative recombination within the semi-
conductor, whereas photocatalysis depends on rapid interfacial charge
consumption. Although CN675 exhibited the highest specific surface
area and the strongest superoxide anion radical generation, these fea-
tures alone were insufficient to achieve the highest photocatalytic ac-
tivity. The combined XRD, XPS, PL, TCSPC, EIS, and EPR results
demonstrate that excessive CO, activation progressively disrupts the
graphitic carbon nitride framework, compromising the preservation of
long-range electronic coherence within the conjugated network.
Consequently, although reactive oxygen species are generated effi-
ciently, their utilisation in photocatalytic oxidation becomes less effec-
tive because photogenerated charge carriers experience increased
localisation and reduced transport efficiency. In contrast, CN650 rep-
resents the optimum balance between activation-induced defect for-
mation and the preservation of the carbon nitride framework, enabling
efficient charge separation, charge transport, and ROS utilisation, which
ultimately results in the highest BPA degradation and mineralisation
efficiency.

This interpretation also explains the apparent discrepancy between
the photoelectrochemical properties and the photocatalytic perfor-
mance of CN600 and CN650. Although CN600 exhibited the strongest
EPR response, the highest photocurrent density, and the lowest charge-
transfer resistance, these parameters alone do not determine the overall
photocatalytic performance. Photocatalytic oxidation is governed by the
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combined influence of charge generation, charge transport, interfacial
charge utilisation, reactive oxygen species generation, surface reaction
kinetics, and the availability of catalytically active surface sites. Further
CO4, activation from 600 to 650 °C increases the accessibility of defect-
associated active sites while largely preserving the conjugated carbon
nitride framework and long-range electronic coherence, thereby
enabling more efficient utilisation of photogenerated charge carriers for
oxygen activation and pollutant oxidation. Consequently, CN650 ach-
ieves the highest BPA degradation and mineralisation efficiency despite
its slightly lower photocurrent response and EPR intensity compared
with CN600. These observations demonstrate that no single photo-
electrochemical descriptor can predict photocatalytic performance.
Instead, optimum activity arises from the balanced interplay between
activation-induced defect formation, preservation of long-range elec-
tronic coherence, and efficient interfacial charge utilisation.

Finally, the operational stability of the optimally activated CN650
photocatalyst was evaluated over five consecutive photocatalytic cycles
under identical visible-light irradiation conditions (Fig. S24a). After
each cycle, the catalyst was recovered by centrifugation, washed with
deionised water, dried, and reused without further treatment. The BPA
degradation profiles remained nearly unchanged throughout the recy-
cling tests, with no significant decrease in reaction rate or final con-
version. Likewise, the TOC removal efficiency remained stable at
approximately 88-90% (Fig. S24b), indicating sustained mineralisation
performance. The negligible variation in TOC removal and the absence
of progressive activity loss confirm that carbon accumulation on the
catalyst surface (TOCa<3%) does not cause catalyst deactivation under
the applied reaction conditions. Post-reaction ATR-FTIR and XRD ana-
lyses of the recovered CN650 photocatalyst after five consecutive pho-
tocatalytic cycles (Fig. S25) revealed no detectable structural changes
compared with the fresh material, confirming the excellent structural
stability of the graphitic carbon nitride framework. Together with the
negligible surface carbon accumulation identified by CHNS analysis,
these results demonstrate that the defect-assisted activation regime
achieved by CO, treatment remains stable during repeated photo-
catalytic operation. The combined structural, spectroscopic, photo-
electrochemical, and photocatalytic results establish a comprehensive
structure-property-activity relationship for the COj-activated g-CsN4
series. Progressive CO»-assisted activation initially introduces beneficial
structural defects that enhance visible-light absorption, facilitate inter-
facial charge separation, and promote reactive oxygen species genera-
tion. At the same time, the conjugated carbon nitride framework
remains sufficiently preserved to maintain long-range electronic
coherence, enabling efficient charge transport and utilisation. Conse-
quently, CN650 exhibits the optimum balance between activation-
induced defect formation and the preservation of the conjugated
framework, resulting in the highest BPA degradation and mineralisation
efficiency. Further activation to 675 °C continues to increase defect
density and superoxide radical generation; however, extensive frame-
work degradation progressively compromises the preservation of long-
range electronic coherence, leading to increased carrier localisation,
reduced charge transport, and less efficient utilisation of the generated
reactive oxygen species. These findings demonstrate that photocatalytic
performance is governed not simply by defect density, surface area, or
reactive oxygen species generation, but by the balance between bene-
ficial defect formation and preservation of the conjugated carbon nitride
framework.

4. Conclusions

Controlled defect engineering represents an effective strategy for
improving the performance of metal-free photocatalysts. In this study,
CO»-assisted thermal activation is demonstrated as a controllable and
scalable approach for tuning the structural, electronic, and photo-
catalytic properties of graphitic carbon nitride within a well-defined
activation window. Systematic variation of the activation temperature
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between 500 and 675 °C revealed three distinct regimes governing the
evolution of the material. Moderate activation preserves the conjugated
carbon nitride framework while introducing beneficial structural de-
fects, whereas excessive activation at 675 °C leads to progressive
framework degradation, increased charge-carrier localisation, and loss
of long-range electronic coherence. The optimum photocatalytic per-
formance is achieved for CN650, where activation-induced defect for-
mation and preservation of the conjugated framework are most
effectively balanced. Under these conditions, efficient interfacial charge
utilisation promotes superoxide-mediated oxidation, resulting in the
highest BPA degradation and near-complete mineralisation under
visible-light irradiation. Importantly, the results demonstrate that pho-
tocatalytic performance is governed not simply by defect density, sur-
face area, or reactive oxygen species generation, but by the balance
between beneficial defect formation and preservation of long-range
electronic coherence.

The comprehensive combination of structural, spectroscopic, pho-
toelectrochemical, and photocatalytic analyses establishes a clear
structure-property-activity relationship for COj-activated g-CsN4 and
introduces the concept of a defect-coherence crossover as a useful
framework for understanding and designing defect-engineered metal-
free photocatalysts. More broadly, this work highlights COs-assisted
activation as a scalable and sustainable strategy for tailoring visible-
light-responsive  photocatalysts for environmental remediation.
Although the present study was performed using model bisphenol pol-
lutants under controlled laboratory conditions, the mechanistic insights
obtained here provide a rational basis for the future development and
evaluation of CO-activated graphitic carbon nitride photocatalysts for
more complex water-treatment applications.
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