molecules

Article

Dual-Mechanism Study of Metal-Free g-C3N4 Catalysts for
Advanced Oxidation Under Non-Photocatalytic Conditions

Zixu Yang 1@, Yang Sun !, Weizhi Wang !, Xiaohan Yuan !, Pengfei Tian >*

check for
updates
Academic Editors: Ioannis
V. Yentekakis and Albin Pintar

Received: 4 December 2024
Revised: 11 December 2024
Accepted: 12 December 2024
Published: 10 January 2025

Citation: Yang, Z.; Sun, Y,; Wang, W.;

Yuan, X.; Tian, P; Xu, J. Dual-
Mechanism Study of Metal-Free
g-C3Ny Catalysts for Advanced
Oxidation Under Non-Photocatalytic
Conditions. Molecules 2025, 30, 247.
https:/ /doi.org/10.3390/
molecules30020247

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Jing Xu 1*

State Key Laboratory of Chemical Engineering, East China University of Science and Technology,
Shanghai 200237, China; zixu.yang@ecust.edu.cn (Z.Y.)

Key Laboratory of Pressure Systems and Safety (Ministry of Education), School of Mechanical and Power
Engineering, East China University of Science and Technology, Shanghai 200237, China

*  Correspondence: pftian@ecust.edu.cn (P.T.); xujing@ecust.edu.cn (J.X.); Tel.: (+86)-21-64251938 (].X.);

Fax: (+86)-21-64253825 (J.X.)

Abstract: Metal-free materials have been proved to be promising replacements of traditional
metal-based catalysts for advanced oxidation reactions. Carbon nitride was found to be
able to activate HyO, and generate hydroxyl radicals (¢OH). Nevertheless, the performance
of carbon nitride is highly dependent on an external light source. In this work, we report a
light-independent, metal-free catalyst based on g-C3N, prepared using a facile calcination
method. It is revealed that two reaction pathways, a radical (¢OH) one and a nonradical
(H203) one, coexist in organics oxidation on g-C3Njy. The dominant reaction pathway is
dependent on the condensation temperature of UCN. In addition, this g-C3Ny exhibited
excellent stability after being recycled and reused for five cycles. The findings in this work
can be used for the design of efficient and robust metal-free catalysts with both superior
catalytic performance and high stability for various heterogeneous catalytic processes.

Keywords: metal-free; light-independent; nonradical degradation; advanced oxidation
processes; g-C3Ny

1. Introduction

The development of high-efficiency catalysts for the activation of H,O, to degrade
organic contaminants is one of the research hotpots of environmental science [1-3]. An
optimal catalyst should combine an excellent ability to activate the HyO, molecules, high
stability, and avoidance of secondary pollution (heavy metal, extreme pH). In addition,
it should be non-toxic, low-cost, and easy to synthesize. Over the past decades, various
metal catalysts have been developed for H,O, activation to remove organic pollutants. In
particular, it has been found that a Cu-based catalyst is more advantageous for practical
application due to the avoidance of producing a large amount of undesired iron sludge in
the effluent, facile separation of the catalyst, and a broad operating pH range compared
with conventional Fenton catalyst (Fe?*). To further improve the catalytic performance of
mono-Cu catalysts, a second metal, such as iron [4], nickel [5], cobalt [6,7], or manganese [8],
is usually added. However, heavy metal leaching is still inevitable during the degradation
process. Therefore, metal-free catalysts were proposed to solve this problem [9,10]. Lyu et al.
suggested that reduced graphene oxide nanosheets could be utilized to efficiently remove
2-chlorophenol and bisphenol A [11]. Nonetheless, the preparation process of this kind of
material is complex. In recent years, carbon nitride (C3Ny4) with a defect-rich topology was
found to be able to activate HyO, and generate hydroxyl radicals (¢OH) under the condi-
tion of light [12,13]. Recent studies have increasingly focused on metal-doped graphitic
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materials that can generate reactive radicals without relying on light irradiation. This
emerging direction addresses the limitations of conventional photocatalysis by eliminating
the need for external light sources, thus reducing both energy consumption and operational
costs. For instance, research on Fe/Ni/Pd-doped g-C3Njy catalysts has demonstrated the
in situ generation of HyO, and subsequent production of reactive oxygen species (¢OH,
©0, ™) under dark conditions, leading to effective degradation of refractory organics with
high catalyst stability [14]. Similarly, oxygen-doped g-C3Ny4 with abundant defect sites can
activate HyO, in the absence of light to achieve enhanced degradation performance while
maintaining a metal-free, stable structure [15]. In other work, the construction of dual-
active sites by anchoring Fe? onto N-rich carbon supports or precisely tuning the nitrogen
configurations in graphene-based materials has proven effective for non-photoactivated
PMS activation, yielding a variety of radicals (¢OH, 'O,) and enabling broad substrate
applicability [16,17]. Ge et al. found that g-C3N4/MgO nanosheets could activate H,O,
and generate «OH without light irradiation; the activity of this catalyst decreased con-
stantly with the leaching of magnesium [18]. Collectively, these investigations highlight
that through judicious material design—such as introducing specific dopants, tailoring
defect sites, and controlling nitrogen configurations—catalysts can facilitate robust radical
generation under dark conditions.

To the best of our knowledge, g-C3Ny is the most stable allotrope of carbon nitride
that could be synthesized through thermal condensation of nitrogen-rich precursors, such
as melamine [19,20], urea [21], cyanamide [22], or dicyandiamide [12,23]. Various syn-
thesis routes have been developed to tailor the properties of g-C3Ny, including thermal
polymerization, chemical vapor deposition (CVD), solvothermal/hydrothermal methods,
and template-assisted approaches [24-26]. Among these methods, thermal polymeriza-
tion of low-cost precursors is one of the most widely employed because of its simplicity,
cost-effectiveness, and scalability. This route typically involves heating the precursor at
moderate temperatures (500-600 °C), allowing the formation of layered g-C3Ny structures
suitable for a range of applications. While CVD enables precise control over morphology, it
requires specialized equipment and higher costs. Solvothermal /hydrothermal methods
and template-assisted synthesis allow for detailed morphological tuning, but these ap-
proaches tend to introduce additional complexity and often require multiple synthesis steps
or templates. Doping and co-doping strategies further enhance photocatalytic performance,
but also increase synthetic complexity and cost.

In contrast, the thermal polymerization (calcination) method used in this study offers
a straightforward, direct route to tune the polymerization degree of g-C3Ny4 simply by
adjusting the condensation temperature. This approach enables us to systematically investi-
gate the structure-activity relationship without introducing extra complexity or expensive
metal components.

The latter two kinds of precursors are virulent and expensive in comparison to the
former two. Furthermore, the catalytic performance of carbon nitride is directly affected by
the selection of the precursor. Our preliminary results suggested that the melamine-derived
catalyst achieved 47.3% MB removal within 30 min, the urea-derived catalyst achieved
71.6%, and the dicyandiamide-derived catalyst achieved 21.8% under identical reaction
conditions (Figure S1). In this work, we report a light-independent, metal-free and highly
stable Fenton-like catalyst based on g-C3Ny prepared using a facile calcination method.
This light-independent g-C3Ny catalyst has never been reported before as far as we know.
On the basis of the cost of raw materials and catalytic activity, C3Ny4 synthesized from
urea was studied in this work. Unlike conventional g-C3Ny-based catalysts that rely on
photoexcitation to generate reactive radicals, the g-C3Ny catalyst reported in this study
is capable of activating H,O, and degrading organic pollutants under completely dark
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conditions. This represents a significant departure from previously reported systems,
where external light sources were generally essential. The ability to operate without light
irradiation not only expands the practical applicability of g-C3Ny-based advanced oxida-
tion processes to settings where continuous illumination is impractical or costly, but also
greatly reduces energy consumption and simplifies the reactor design. In other words,
this light-independent process can substantially lower operational costs and complexity,
facilitating industrial-scale wastewater treatment and environmental remediation. Fur-
thermore, by remaining metal-free, our catalyst avoids the heavy metal leaching problems
associated with metal-based Fenton-like catalysts, thereby enhancing its long-term stability
and environmental compatibility.

2. Results and Discussion
2.1. Morphology and Crystal Structure

Generally, the crystal structures of g-C3Ny4 can be tuned by using different condensa-
tion temperatures. Xu et al. explained two different structures of g-C3Ny through thermal
condensation of urea. During the heating process, the transformation of urea could be
summarized as follows: urea — ammonia and isocyanic acid — cyanuric acid and other in-
termediates — melamine — melem and melon (Scheme 1). It was observed that the g-C3Ny
with a planar structure (Figure S2a) could be formed when melem was fully condensed,
while the g-C3Ny4 with a linear structure (Figure S2b) could be formed when melem was
partially condensed to form NH bridges [27].

+ i NH,
HzNj\NHz deC_0N4"|T3&°>6> H-n=c=0 — 2 T2 o mediates ——> )Nl\)i)N\
HN" N7 NH,
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Scheme 1. The formation mechanism of g-C3Ny synthesized by urea.

Figure 1a shows the XRD patterns of as-prepared samples. Two peaks at ca. 27.6°
and 13.1° for all the samples could be ascribed to the (002) interplanar stacking of aromatic
systems such as triazine or heptazine rings, and (110) in-plane structural packing motif
stacking, respectively [27,28]. The intensities of both peaks became stronger and narrower
with increasing condensation temperature, indicating that the crystallinity of UCN-T
samples increases with the rise in temperature. In addition, the (002) peak shifted toward
a higher diffraction angle from 27.5° to 27.8°, and the corresponding interlayer distance
decreased from 0.324 nm to 0.321 nm, suggesting the improvement in the interlayer stacking
order of UCN-T and the tendency towards structural stability. In the meantime, the (110)
peak shifted to lower diffraction angle from 13.1° to 12.8°, indicating that the corresponding
hole-to-hole distance of nitride pores increased from 0.675 nm to 0.691 nm, suggesting that
the polymerization degree became higher.

The functional groups can be further confirmed by FTIR spectroscopy in Figure 1b. The
broad band between 3500 and 3000 cm ! can be ascribed to the N-H stretches of -NH and
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the O-H stretches of the physically adsorbed water [29]. Additionally, the characteristics

I was also

observed. The peaks in the range of 1700 and 1500 cm ! are characteristic of C=N, while

of the out-of-plane bending vibration of triazine or heptazine rings at 809 cm™

the peaks in the region of 1500~1200 cm ! can be assigned to C-N in heterocycles (either
trigonal C-N(-C)-C or bridging C-NH-C units), which are usually related with skeletal
stretching vibrations of aromatic rings [30]. Interestingly, the intensities of the peaks at
1200, 1334, 1427, 1538, and 1683 cm ! become stronger (red dash line) with the rising
condensation temperature. This might be caused by a more ordered packing of hydrogen-
bond-cohered long strands of polymeric melon units [31], which further confirmed the
increase in polymerization degree of samples.

(a) (b)

400 3000 1750

UCNi600

UCNisT0

Intensity (a.0)

UCN550
fi UCNis30

Figure 1. (a) XRD patterns, (b) FTIR spectra and (c) UV-Vis DRS spectra of as-prepared UCN-T.
(d) The plots of (ahv)2 vs. hv. (e) SEM images of UCN-550. (f) SEM images of UCN-570. (g) SEM
images of UCN-600. Characteristic peaks are designated using dashed lines.

Figure 1c shows the UV-Vis DRS spectra of UCN samples synthesized at different
temperatures. The peaks at 367 nm and 385 nm ascribed to the m — 7* conjugation effect
of aromatics rings became stronger when temperature was higher, indicating a higher
polymerization degree. Meanwhile, the absorption edges were varied by changing the
temperature (Figure 1d). When the temperature increased, the absorption edge first shifted
up until the temperature reached 550 °C; then, the absorption edge decreased. The band
gap energy (Eg) can be estimated from the intercept of the tangents to the plots of (ahv)®>
vs. photon energy. The calculated Eg value is around 2.7 eV, which is consistent with
previous reports [32]. When the calcination temperature increased from 500 to 550 °C, the
Eg value decreased slightly from 2.57 to 2.43 eV. The bathochromic shift of the band gap can
be ascribed to a stronger overlap of molecular orbitals due to the reinforced aromatic sheet
stacking, because the packing of tri-striazine units that are connected via Van der Waals
interaction were enhanced along with the elevated condensation temperature [33]. When
the temperature was further increased to 600 °C, Eg was increased from 2.43 to 2.72 eV.
The hypsochromic shift of the band gap resulted from the quantum confinement effects
induced by the transformation of bulk g-C3Ny into nanoscale sheets with reduced size and
thickness [13].

The morphologic variance of different UCN samples mentioned above was intuitively
investigated with scanning electron microscopy (SEM). UCN-550 showed a layer structure
with an obvious pore structure, and the layers were thicker than those of UCN-570 and
UCN-600. Moreover, the edges of the layers were neat when the condensation temperature
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was 550 °C. However, with the increase in temperature, the layers gradually became thinner
and the edges were ragged as a result of minimizing the surface energy of the sheet [31].
When the urea was heated at 600 °C, the sample appeared as loose and soft agglomerates
with a flocculent structure. Further close observation of a SEM image indicates the presence
of a porous layer on the surface.

2.2. Catalytic Performance

The catalytic performances of the metal-free UCN samples were evaluated in catalytic
activation of HyO, for methyl blue (MB) degradation in water solutions. The as-prepared
UCN and H,O, were simultaneously added into 5 ppm MB solution in the dark at 50 °C to
initiate the reaction, and the catalytic activity was estimated via analyzing the concentration
of MB at different reaction times by UV-Vis spectroscopy (664 nm). In addition, a blank
reaction was also performed to exclude the adsorption effect. As shown in Figure 2a, the
removal rate of MB increased with the increasing condensation temperature. The removal
efficiency of UCN-500 was 38.1% in 10 min, and it was increased to 49.9%, 52.3%, 53.8%,
and 99.3% when the condensation temperature was 530, 550, 570, and 600 °C, respectively.
UCN-600 exhibited 77.8% removal efficiency in only 5 min, while its adsorption efficiency
was 42.3% at the same time, indicating that still more than 35% of removal efficiency can
be attributed to the degradation effect. Furthermore, UCN-600 was recycled and reused
after each experiment to evaluate its stability, and it retained a high removal efficiency
after five cycles, manifesting its excellent stability (Figure 2b). This can be explained
by the durability of g-C3Ny. For comparison, we previously evaluated Fe-Cu bimetallic
and Cu-based catalysts under similar experimental conditions, achieving complete MB
degradation within 20 min. Remarkably, the metal-free g-C3Ny catalyst in this study
demonstrated a comparable degradation efficiency, also reaching nearly 100% removal
within the same time-on-stream. The g-C3Ny catalyst also exhibited excellent reusability
owing to its chemical stability, and this was confirmed by the unchanged IR spectra [34].

(a) ©

—=— UCN-500

+— UCN-530
08 UCN-550
—v— UCN-570
—=— UCN-600

Abscrbance

P S S S T S R S S Ll L P L s " L L 1
20 0 20 40 60 80 100 120 140 160 180 200 0 100 200 300 400 500 600 300 400 500 600 700 800
Reaction time (min) Reaction time (min) Wavelength (nm)

Figure 2. (a) MB removal efficiencies over different catalysts. (b) Stability of UCN-600 for MB
degradation. (c) The UV-Vis absorption spectra of MB solution during the reaction. (Reaction
conditions: 50 °C, 1000 ppm H,O,, 0.5 g-L_1 catalyst.).

Furthermore, in order to gain insight into the MB degradation, the UV-Vis spectra
of MB solution were recorded at different reaction times (Figure 2c). A main band with
maximum absorption at 664 nm and a small shoulder at 610 nm was located in the visible
region, and a band at 292 nm was found in the ultraviolet region. The absorbance at 664 nm
can be assigned to the conjugation effect of two dimethylamine-substituted aromatic rings
through sulfur and nitrogen, while the shoulder at 610 nm can be attributed to the dye
dimmer; the absorption bands in the ultraviolet region are caused by the substituted
benzenes rings. It was clearly observed that the intensity of the peaks decreased rapidly,
and the peaks at 664 nm slightly shifted to 657 nm during the reaction, indicating the
formation of the demethylated dyes [35].
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2.3. Oxidative Degradation Pathway

It already known that the primary oxidant in light-driven photo-Fenton systems
catalyzed by carbon nitride is ¢OH, and sometimes ¢OOH [36,37]. The #OH is generated via
the direct hole oxidation or multi-step reduction of dissolved O, induced by photogenerated
electrons (Equations (1) and (2)), so it is not difficult to notice that the generation of ¢OH
under light irradiation relies on light to a large extent [19].

O, +e — 00y (1)
¢0, +2e + 2H' — H,0, 2)
H,O, + e — ¢OH + OH™ 3)

However, all of the degradation process in this work was carried out in dark, so the
radical mechanism above is no longer appropriate. Therefore, the reactive oxidant in our
system needs to be reconsidered.

Here, we first employed electron paramagnetic resonance (EPR) to probe the genera-
tion of reactive radicals using 5,5-dimethyl-1-pyrroline (DMPO) as a radical spin-trapping
agent. As illustrated in Figure 3a (red line), the characteristic quartet peaks of DMPO-eOH
adduct with an intensity ratio of ca. 1:2:2:1 can be observed, indicating the generation
of eOH in aqueous solution. After quantifying the concentration of ¢OH, we found that
the cumulative concentration of €OH first increased with condensation temperature and
reached its maximum value at 550 °C, and then gradually decreased.

According to the generation mechanism of #OH mentioned before, the production of
oOH is considered to be related with the electron transfer between catalyst and H,O,. In
addition, the vacancies on the catalyst surface, which can modify the electronic structure
and often be considered as specific reaction sites for reactant molecules, have been proven
to be related to catalytic performance [7]. Therefore, N 1s XPS spectra were measured
(Figures 3c and S2). The three peaks at 398.7, 399.5, and 400.5 eV are attributed to the
spz—bonded N (C-N=C, Ny,), the spz—hybridized N bonded to three atoms (N-Cj or Cp-
HN, N3.), and amino groups (C-N-H), respectively. In addition, the peak at 404.6 eV is
attributed to the charging effects or positive charge localization in the heterocycles [33].
The ratios of atomic concentrations of C, N, and O in different UCNs are listed in Table 1.
The atomic molar ratio of C to N decreased from 0.75 to 0.66 with the condensation
temperature increasing from 500 °C to 600 °C, consistent with previous work [13]. The
peak ratio of N to N3, was also calculated, and the value was first decreased from 3.2 to
2.4 when the condensation temperature was raised from 500 °C to 550 °C; then, it increased
from 2.4 to 5.8 when the condensation temperature was further increased to 600 °C. A
possible explanation for the decreasing Ny, peak area between 500 °C and 550 °C is that the
partial condensation brought about more C,-HN structures and, subsequently, more N3..
Nevertheless, further higher condensation temperatures (570 °C and 600 °C) promoted
further condensation of terminal amino groups, causing a higher polymerization degree
and producing more heptazine rings, subsequently increasing the percentage of Ny [29].
These structural evolutions obtained through XPS are consistent with the results from XRD,
FTIR, and UV-Vis DRS. Nitrogen vacancies mainly locate at the Ny, lattice sites during
the condensation [23], so the concentration of nitrogen vacancies reached its maximum
at 550 °C. In combination with the «OH formation in Figure 3b and XPS results, it can
be deduced that the ¢OH is generated through positively charged C caused by nitrogen
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vacancies on g-C3Ny, so the degradation performance was positively correlated with the
concentration of nitrogen vacancies.

(a) (b)
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Figure 3. (a) BMPO spin-trapped EPR of UCN-600 in different solvents. (b) The concentration of
generated eOH using different catalysts. (Reaction conditions: 50 °C, 1000 ppm HyO,, 0.5 g/L
UCN-600, 1500 ppm benzoic acid.) (c) N 1s XPS spectra of the UCN samples. The black curves
represent the original XPS signals, and the colored curves represent the fitted curves. (d) MB removal
efficiencies in different solvents over UCN-600.

Table 1. XPS parameters of different UCN samples.

Atomic Concentration

Sample N% C% 0% C/N Nj¢/N3c The Peak Area Ratio of Ny,
UCN-500 56.12 42.02 1.85 0.75 3.2 0.64
UCN-530 58.35 40.08 1.57 0.69 3.1 0.61
UCN-550 58.52 39.92 1.57 0.68 2.4 0.58
UCN-570 58.82 39.63 1.55 0.67 3.2 0.62
UCN-600 60.03 39.97 0.00 0.66 5.8 0.70

If «OH was the only main reactive oxygen species, catalytic performance should also
be optimal at 550 °C, but it is easy to realize from Figure 2a that this is not the case. This
phenomenon indicates that there may be another oxidation pathway in addition to the ¢ OH
oxidation pathway. As we all know, the degradation would be significantly suppressed
in alcohol solvents if «OH is the key species for the organic degradation. Thus, methanol
was applied as the reaction solvent instead of water to scavenge #OH generated in the
activation process to confirm this. It can be found in Figure 3d that 40.0% of MB still
could be gradually removed in methanol, even though the removal efficiency was lower
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than that in aqueous solution, proving that ¢OH is not the only active oxygen species in
this system. Due to the stable property of ¢OOH in methanol and its relatively strong
oxidation property, EPR was used to detect the presence of #OOH in the methanol reaction
system. Almost no signal was observed in methanol solution (blue line in Figure 3a), and
the degradation effect caused by €OOH could be excluded. Meanwhile, as illustrated in
Figure 3¢, the concentration of MB was unchanged in the degradation system without
UCN-600, so the degradation effect caused by H,O, could be also excluded. Therefore, it
can be speculated that there may be two degradation pathways in the aqueous solution
system: (i) the free radical oxidation pathway of ®OH (as the main active oxygen radical),
and (ii) nonradical oxidation pathway. Furthermore, the nonradical oxidation pathway
may dominate the degradation process when the condensation temperature is higher than
550 °C.

Novel nonradical reactions have attracted great attention in the past five years, and
the reaction mechanisms of different materials are different. An important characteris-
tic of nonradical oxidation that distinguishes it from radical-based oxidation is that the
organics are supposed to be oxidized on the surface of catalysts instead of in the bulk
solution [38]. These nonradical AOPs (NR-AOPs) are increasingly recognized for their high
selectivity, wider pH tolerance, and stronger resistance to interference from background
constituents [39]. Unlike free radical-driven processes, NR-AOPs are primarily dominated
by interfacial catalytic activation of oxidants (H,O,, PMS, PDS, etc.) on catalyst surfaces,
leading to the formation of nonradical species such as singlet oxygen (*O,), high-valent
metal species (e.g., Fe(IV), Co(IV), Cu(Ill)), surface-bound reactive complexes, and direct
electron-transfer pathways [40-43]. Accordingly, the oxidants should be activated on the
surface without releasing the free radicals into the solution. Tang’s group proved that
the pre-adsorption of the phenolics was a key step in this peroxydisulfate (PDS) system
dominated by graphene surface-confined sulfate radicals [44]. At present, there are still
few studies on the nonradical oxidation pathway in the HO, system.

A nonradical pathway accompanied by radical generation (¢OH and SO4e ™) in phenol
oxidation was also discovered upon N-doped nanocarbon by Wang et al. [44]. They thought
the C atoms could be activated by the doped N atoms of higher electronegativity to form
positively charged carbon domains, which have the capacity to interact with the O-O bond
of peroxymonosulfate (PMS) to generate a highly reactive complex and decompose organics
via direct electron transfer [45]. Moreover, it has been widely accepted that the carbon
atoms at the edging sites remained sp? conjugated with unpaired electrons in a “localized
state’, which were able to strongly interact with the small molecules to form an attached
complex [38].

Combining the opposite trend of eOH formation, MB degradation, and XPS results,
a possible HyO, activation and MB degradation mechanism could be proposed. After
the condensation temperature was over 550 °C, a nonradical pathway may dominate the
degradation process. In this nonradical process, the HyO, might be first bonded with the
sp?-hybridized system (C-N.=C) and then generate surface-bounded eOH. The highly
covalent 7 electrons could activate the O-O bond in H,O,, and the interaction strength
could be predicted by the Ny content (Table 1). The adsorption-decomposition of MB on
UCN through the nonradical oxidation pathway in the presence of H,O, was proposed
as follows: (1) MB in solution was adsorbed on the surface of UCN due to the strong -7t
interaction; (2) the H,O, molecules were activated, and surface-bound eOH (UCN=eOH)
was produced; (3) the adsorbed MB was in situ oxidized by the UCN=eOH, releasing
the preoccupied sites as free sites; and (4) the released free sites on UCN allowed a new
adsorption of MB in solution, and then an adsorption-degradation cycle started again. The
above-mentioned cycles were repeated continuously until all the added MB was degraded.
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As illustrated in Figure 4, both radical and nonradical pathways were proposed to
contribute to the MB degradation on UCN with H,O; activation, and the dominant one
could be determined by the condensation temperature of UCN. When the condensation
temperature is below 550 °C, a radical degradation pathway is dominant, and N vacancies
play the key role on MB degradation; when the condensation temperature is above 550 °C,
a nonradical degradation pathway is dominant, and the presence of the sp?-hybridized
system of C-Np.=C might affect the generation of UCN=eOH and the oxidation of MB.

radical
degradation

i (Hzoz pathway
. N atoms degradation
MB
. C atoms

products
nonradical HMB
degradation 3 degradation
pathway H2°2 products
Figure 4. Degradation mechanism over UCN catalyst in the absence of light.

3. Experimental Methods
3.1. Materials

Carbon nitrides were prepared by heating 10 g of precursor (urea, melamine, or di-
cyandiamide) in a 50 mL alumina crucible in a muffle furnace. Considering the differences
in performance and structure of the catalysts caused by different condensation tempera-
ture [22,27], the crucible was covered, heated at a ramping rate of 10 °C/min, and kept at
the terminal calcination temperature (T = 500, 530, 550, 570, 600 °C) for 2 h. After cooling,
the yellowish powders were ground and collected. Given the superior catalytic activity
of the urea-derived catalyst, along with the low cost and easy availability of urea, we
selected urea as the precursor for all subsequent experiments. Thus, the catalysts discussed
in the main text are denoted as UCN-T (where T represents the calcination temperature),
indicating that they are exclusively derived from urea.

3.2. Characterization

The X-ray powder diffraction (XRD) pattern was measured with a Bruker D8 Advance
diffractometer (Bruker Corp., Billerica, MA, USA) using a CuKa ray source (A = 0.154 nm)
with accelerated voltage of 40 kV and a 40 mA detector current in an angular range
of 10—80°. Fourier transform infrared (FT-IR) spectra were examined in a PerkinElmer
spectrum 100 (PerkinElmer Inc., Waltham, MA, USA). Samples were mixed with KBr
powder (spectral purity) at a sample/KBr weight ratio of 1/750. The mixture was then
ground to 100 mesh size and pressed into a lucid disk, which was then directly placed into
the IR spectrometer for measurement within the frequency range of 4000-450 cm~!. UV-Vis
DRS spectra were collected using a Lambda 750 UV-Vis-NIR spectrometer (PerkinElmer
Inc., Waltham, MA, USA) equipped with a diffuse reflectance spectroscopy (DRS) accessory.
The spectra were collected between 350 and 600 nm with an interval of 1 nm using BaSO; as
a reference, and were transformed into the Kubelka-Munk function, F(R). XPS analysis was
carried out on a Thermo Fisher Scientific ESCALAB 250Xi spectrometer (Thermo Fischer
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Scientific Inc., Waltham, MA, USA) with Al-K« radiation (hv = 1486.6 eV, pass energy:
40.0 eV) as the X-ray source. To compensate for surface charge effects, all the binding
energies (BEs) were calibrated using the C1s line at 284.80 eV.

An electron paramagnetic resonance (EPR) spectrometer (Bruker EMX-8/2.7C, Bruker
Corp., Billerica, MA, USA) was employed to detect the eH radicals. The measurements
were conducted under the following conditions: center field at 3520 G, scan width of 200 G,
microwave frequency of 9.877 GHz, microwave power of 6.384 mW, scan time of 41.96 s,
and a signal gain of 7.10 x 10%.

Prior to the EPR measurement, 50 mL of 1000 ppm HyO; solution was adjusted to
pH 2.7 and heated to 40 °C. Subsequently, 0.025 g of the catalyst was dispersed in this
solution. After reacting for 5 min, a 1 mL sample was withdrawn, filtered, and mixed
immediately with 1 mL of a 20 mM DMPO solution (spin-trapping agent). From this
mixture, 20 pL. was drawn into a syringe and then transferred into a capillary tube, which
was placed inside a 5 x 250 mm quartz EPR tube for analysis.

3.3. Catalytic Performance Evaluation

The catalytic activity of UCNs was evaluated for the degradation of methyl blue
(MB). MB is a common textile dye that is chemically stable and frequently used as a probe
molecule in advanced oxidation process studies due to its well-defined absorption spectra
and easy quantification. Its molecular structure shares certain features (e.g., aromatic rings,
functional groups) with a variety of other organic dyes and pollutants. Thus, the efficient
removal of MB implies the potential applicability of our catalyst to a broader range of
organic contaminants found in wastewater. A typical reaction was performed in a batch
reactor containing 100 mL of 5 ppm MB, 0.5 g L™! catalyst, and 1000 ppm H,O, while
the suspension was stirred at 50 °C in dark. At the given reaction time intervals, 3 mL
supernatant solution was collected by filtration through a 0.22 pym Nafion membrane for
the analysis of MB concentration. The concentration of MB was determined at its maximum
absorption wavelength of 554 nm using an UV-Vis spectrophotometer. The copper leaching
was measured by ICP-MS. The concentration of -OH was measured indirectly using benzoic
acid as a probe molecule.

To evaluate the reusability of the catalyst, the spent catalyst from each experiment
was collected, washed with deionized water, dried, and then reloaded in the reactor for
recycling tests under the same conditions.

The concentration of «OH was measured indirectly using benzoic acid as a probe
molecule. The MB degradation process was monitored by a Lambda 750 UV-Vis-NIR
spectrometer. The spectra were collected between 200 and 800 nm with an interval of 1 nm
using water as a reference.

4. Conclusions

This study demonstrates, for the first time, that a urea-derived g-C3Njy catalyst can
efficiently activate HyO, and degrade organic pollutants without any light irradiation.
By adjusting the calcination temperature, we revealed the coexistence and switchable
dominance of radical and nonradical pathways, enabling fine-tuned catalytic performance
without the need for metals or complex doping. In particular, UCN-600 presented an
extraordinarily high catalytic stability for MB removal by H,O, activation in the absence of
light. Since UCN indeed is a kind of photocatalytic material, the coexistence of different
degradation mechanisms in visible light should be investigated in a future study. This
study provides insights into a novel view of the activation of HyO, over metal-free catalysts,
and the findings can be used for the design of efficient and robust metal-free catalysts with
high stability for organic contaminant degradation with heavy metal pollution. Unlike
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conventional g-C3Ny-based catalysts that require photoexcitation, our catalyst achieves
efficient H,O, activation and pollutant degradation in complete darkness. This eliminates
the need for continuous illumination, significantly lowering energy consumption and
equipment costs. Moreover, the metal-free nature of this system prevents issues associated
with heavy metal leaching. Together, these attributes mark a substantial step forward in
developing sustainable, cost-effective, and easily scalable advanced oxidation technologies.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /molecules30020247/s1, Figure S1. Degradation perfor-
mance of g-C3Ny prepared with different precursor. (calcination program: 550 °C for 2 h; degradation
condition: 5 ppm MB, 1000 ppm H,0,, 50 °C, 0.5 g L~! catalyst); Figure S2. The molecular structures
of g-C3Ny of different polymerization degree (a) partial condensation. (b) full condensation.
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