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Metal-free brush-like 3D carbon nitride delivers efficient

red-light-driven photocatalysis
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Abstract: In this study, melamine and
cyanuric acid were used as precursors to
form  supramolecular  crystals  via
hydrogen-bond-assisted self-assembly

followed by hydrothermal treatment. :.1
Subsequent high-temperature calcination b DY
brush-like  three-

dimensional carbon nitride. The brush-like

yielded a novel
Red light

3D architecture was found to expose more

Products

accessible  active  sites,  markedly

accelerate electron transfer, and suppress
the recombination of photogenerated Pollutants
charge carriers. The resulting superoxide
(0;*) and hydroxyl (*OH) radicals

generated via electron reduction were
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identified as the key reactive species in the photocatalytic process. Moreover, the surface of the brush-like structure is enriched

with nitrogen vacancies, which enhance the catalyst’s ability to harvest visible light. The photocatalytic performance of the
brush-like CNS-650 catalyst was evaluated for rhodamine B (RhB) degradation. Under red-light irradiation (660 nm), its
degradation rate was 7.4 times higher than that of bulk CN. This work provides valuable insights into the design and application

of efficient metal-free 3D photocatalysts.
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Photocatalysis is regarded as an effective approach for
energy conversion and environmental remediation! ™.
Carbon nitride (CN) is a novel organic, metal-free
polymeric semiconductor that exhibits excellent thermal and
chemical stability, good biocompatibility, and strong
visible-light responsiveness, making it a research hotspot in
photocatalysis®® . However, bulk CN synthesized via direct
thermal polymerization suffers from several drawbacks,
including a low specific surface area, poor visible-light
utilization, and low separation efficiency of photogenerated
charge carriers!®”. It has been shown that the morphology,
size, and structure of photocatalysts significantly influence
their catalytic performance, as catalysts with different
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morphologies exhibit distinct optical, chemical, and
physical properties. Consequently, tailoring the morphology
of carbon nitride has become a major focus of research™ ",
In studies on the morphological control of CN, its
nanostructures can be classified by dimensionality into
zero-dimensional quantum dots, one-dimensional rod-like
materials, two-dimensional nanosheets, and three-
dimensional nanoporous architectures!"' . CN quantum
dots possess unique optical properties that enable the
conversion of near-infrared light into visible light, playing a
crucial role in enhancing light-harvesting capability.
However, they have low surface energy, are prone to
aggregation, and exhibit poor stability!*). One-dimensional
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rod-like structures, such as nanorods, nanowires, and
nanotubes, feature a large specific surface area and high
aspect ratio, which enhance light absorption and shorten the
transport pathways of charge carriers''®. Two-dimensional
nanosheets typically exhibit good electrical conductivity,
high electron mobility, and excellent chemical stability!'".
However, the synthesis of ultrathin or even monolayer CN
materials usually requires harsh conditions, such as strong
acid treatment or chemical exfoliation, which are unsuitable
for industrial-scale production and environmentally
unfriendly!"®". To overcome these limitations, assembling
two-dimensional nanosheets into three-dimensional porous
architectures has been demonstrated as an effective and
feasible strategy. Three-dimensional porous structures not
only exhibit strong light-harvesting ability and a high
density of active sites but also provide more selective and
shorter charge-transport pathways, all of which markedly
enhance photocatalytic performance®™. Currently, the
synthesis of 3D porous CN materials mainly relies on hard-
or soft-template methods. However, template-assisted
approaches have inherent drawbacks, including complex
procedures, low production efficiency, potential damage to
microstructures, and possible introduction of impurities®?"l,
Therefore, there is an urgent need to develop green and
efficient methods for fabricating three-dimensional CN
architectures.

Supramolecules refer to assemblies composed of two or
more molecules held together by non-covalent interactions,
which self-assemble into stable, ordered aggregates while
retaining structural integrity that endows them with well-
defined microstructures and macroscopic properties™.
Unlike CN materials obtained directly from nitrogen-rich
precursors via high-temperature thermal polymerization,
using supramolecular assemblies as precursors offers
distinct advantages for fabricating CN materials with
tailored morphologies and has been successfully applied in
this  context®™ 4. Among supramolecular
precursors, the most extensively studied are derivatives of
melamine and cyanuric acid, which exhibit complementary
electronic affinities and form highly ordered melamine-
cyanuric acid supramolecular polymers through triple
hydrogen bonding. For example, when equimolar amounts
of melamine and cyanuric acid are co-precipitated in
dimethyl sulfoxide, they form layered, spherical aggregates
that, upon calcination, yield mesoporous hollow CN
spheres®.

Introducing surface defects into the catalyst can create
defect states within the semiconductor bandgap, thereby
extending its photoresponsive range and enhancing
photocatalytic performance™ ", Yang et al.” innovatively
synthesized a novel CN semiconductor with excellent light-
harvesting capability via photoinduced polymerization of
triazine subunits. The resulting CN matrix contained
abundant nitrogen vacancies, which effectively narrowed
the bandgap by introducing vacancy-related localized states.
Therefore, in this system, defect engineering of carbon
nitride can be achieved by high-temperature calcination of

various

supramolecular precursors, significantly increasing the
surface defect density and enhancing red-light absorption
capability.

In this work, melamine-cyanuric acid supramolecular
precursor with tunable morphology was employed to
synthesize a novel brush-like carbon nitride assembled from
nanoribbons. This approach not only endowed the
photocatalyst with a unique hierarchical architecture but
also enriched its surface with defect sites, thereby
enhancing visible-light absorption and significantly
improving the separation of photogenerated charge carriers.
Various dye solutions were used to simulate wastewater,
and the photocatalytic degradation performance of the as-
prepared catalysts was systematically evaluated under
different light sources. Comprehensive characterizations
were conducted to elucidate the effects of morphology
modulation on the nanostructure and optical properties of
carbon nitride, and the underlying degradation mechanism
was thoroughly investigated.

1 Experimental

1.1 Chemicals and reagents

Melamine (C;H¢Ng) and cyanuric acid (C;H;N;0;) were
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Benzoquinone (BQ), disodium
ethylenediamine tetraacetate (EDTA-2Na), and tert-butanol
(+-BuOH) were obtained from Aladdin Reagent Co., Ltd.
(Shanghai, China). Rhodamine B (RhB), methylene blue
(MB), and methyl orange (MO) were purchased from
Tianjin Chemical Reagent Research Institute (Tianjin, China).

1.2 Catalyst preparation

Preparation of CN: The CN material was obtained
through a thermal condensation process. Melamine (30 g)
was introduced into a crucible and calcined at 550 °C for 4 h
with a heating rate of 5 °C/min.

Preparation of supramolecular crystals: 8 g of melamine
and 8 g of cyanuric acid were separately dissolved in
400 mL of deionized water under continuous stirring in a
water bath at 80 °C until complete dissolution. The clear
and transparent cyanuric acid solution was then mixed with
the melamine solution and stirred for an additional 30 min
to ensure thorough mixing, followed by cooling to room
temperature. This process resulted in the formation of a
white precipitate identified as a melamine-cyanuric acid
supramolecular complex. The precipitate was centrifuged
twice and washed with deionized water. The purified
precipitate was redispersed in 400 mL of deionized water to
obtain a rod-like supramolecular aggregate solution with a
loose structure at a concentration of 20 mg/mL.
Subsequently, 60 mL of this solution was transferred into a
100 mL polytetrafluoroethylene reactor and heated at
150 °C in a thermostatic oven for 12 h. After the reaction,
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the resulting white precipitate was collected by
centrifugation, washed, and freeze-dried for 24 h to obtain
the melamine-cyanuric acid supramolecular crystals.
Preparation of CNS: 2 g of melamine-cyanuric acid
supramolecular crystals were calcined at 500, 550, 600 and
650 °C for 2 h to obtain photocatalysts. The resulting carbon
nitride materials were designated as CNS-500, CNS-550,
CNS-600 and CNS-650, respectively. The preparation
process of the brush-like carbon nitride is shown in Figure 1.

1.3 Photocatalyst characterization

X-ray diffraction (XRD) measurements were carried out
using a Rigaku Ultima IV diffractometer, scanning within
the 26 range of 5° to 85°. Surface morphologies were
characterized by scanning electron microscopy (SEM) using
a Hitachi SU8600 ultra-high-resolution instrument (Japan).
X-ray photoelectron spectroscopy (XPS) analysis was
conducted using a 250Xi spectrometer from Thermo Fisher
Scientific (USA). To correct for surface charging, all
binding energy values were referenced to the C s signal at
284.8 eV. N, adsorption-desorption isotherms and structural
parameters were determined using a Quantachrome
Autosorb-iQ2 analyzer (USA). Infrared (IR) spectra were
collected using a Bruker Alpha spectrometer (Germany).
Photoluminescence (PL) spectra were recorded on a Hitachi
F-4600 fluorescence spectrometer (Japan). UV-vis
absorption measurements were performed with a
PerkinElmer Lambda 750 spectrophotometer (USA). The
photoelectrochemical measurements were performed using
a CHI660E electrochemical workstation (CH Instruments,
USA). An Ag/AgCl electrode and a Pt electrode were used
as the reference and counter electrodes, respectively. The
working electrode was prepared by dispersing 10 mg of
catalyst in a mixture of 500 pL ethanol, 50 pL Nafion

Self- assembly
! Recrystalhzatlon
Hydrothermal
3 150 C, 12 h

solution and 450 pL deionized water, followed by
ultrasonication. The resulting suspension was drop-cast onto
FTO glass, covering an area of 1 cmx 1 cm. A 0.5 mol/L
Na,SO, aqueous solution was used as the electrolyte. Linear
sweep voltammetry (LSV) curves were recorded at a scan
rate of 0.05 V/s. Time-dependent photocurrent responses
(i—t curves) were recorded at open-circuit potential, with
transient photocurrents measured at 30 s intervals during
light on-off cycles. To assess the photoelectrochemical
behavior of the prepared electrode materials, electrochemical
impedance spectroscopy (EIS) was conducted across a
frequency range spanning 0.1 Hz to 100 kHz. Radical
species were detected via electron paramagnetic/spin
resonance (EPR/ESR) spectroscopy wusing a Bruker
EMXPLUS instrument. The CV curves were collected to
analyse the electrochemically active surface area (ECSA).

1.4 Photocatalytic activity evaluation

The photocatalytic performance of CN, CNS-500, CNS-
550, CNS-600 and CNS-650 were assessed through the
degradation of aqueous solutions of rhodamine B (RhB),
methylene blue (MB) and methyl orange (MO), each
starting at a concentration of 10 mg/L. The experiments
were carried out in a custom-designed photoreactor
equipped with 50 W LED lamps (Philips) emitting at
wavelengths of 420, 575 and 660 nm. In each experiment,
0.03 g of photocatalyst was uniformly dispersed in 20—
50 mL of dye solution. Before light irradiation, the mixture
was stirred magnetically in the absence of light for 30 min
to ensure adsorption-desorption equilibrium was achieved.
At intervals of 0.25 or 0.5 h, aliquots were withdrawn,
centrifuged to remove solids, and the dye concentration in
the supernatant was determined using a UV-vis
spectrophotometer (Lambda 750).
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Fig. 1 Schematic illustration for the fabrication of brush-like carbon nitride
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2 Results and discussion

2.1 Morphological evolution of photocatalysts

SEM images of CN, CNS-500 and CNS-550 are
presented in Figure 2(a)—(c) respectively. While CN
exhibits a predominantly bulk-like morphology with an
average particle size of about 8.65 pm, the particle sizes of
CNS-500 and CNS-550 are markedly reduced to 1.85 and
1.50 pm, respectively. Furthermore, both samples are found
to consist of aggregated rod-like structures. With increasing
calcination temperature, these rods gradually exfoliate, and
the separation of rod-like particles becomes more
pronounced in CNS-600 than in CNS-550. This
phenomenon can be attributed to the rod-like nature of the
supramolecular precursors of the CNS samples. Upon
increasing the calcination temperature to 600 °C, a
significant transformation takes place, characterized by the
emergence of abundant clubbed and tubular structures
(Figure 2(d)). Notably, further elevating the calcination
temperature to 650 °C provides sufficient thermal energy to
drive extensive self-assembly and structural reconstruction.
As shown in Figure 2(e) and 2(f), the nanorods generated
during pyrolysis tend to align vertically along the substrate
and ultimately assemble into uniformly oriented, stripe-like
arrays. The resulting architecture exhibits a unique “brush-
like” 3D morphology, which is markedly different from the
conventional bulk g-C;N, produced via thermal
polymerization. In this study, the conventional muffle
furnace heating method was employed, relying on an
outward-to-inward heat conduction mechanism. This
approach inherently produces pronounced temperature
gradients, leading to uneven heating of the material. Such a
non-uniform thermal environment compels the precursor to
undergo a gradient-like thermal polycondensation process,
resulting in structural residues at the edges and ultimately
yielding the distinctive “brush-like” morphology. This
hierarchical structure is expected to enhance light-
harvesting capability by promoting multiple scattering and
extended optical paths for solar irradiation.
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Fig.2 SEM images of (a) CN, (b) CNS-500, (c) CNS-550,
(d) CNS-600, (e) and (f) CNS-650

2.2 Structural and surface composition analysis of the
photocatalysts

XRD patterns of the CNS series are shown in Figure 3(a).
For the pristine CN sample, the characteristic peak at 13.0°
corresponds to the (100) plane, associated with in-plane
structural packing of the tri-s-triazine units. The intense
peak centered at 27.4° is assigned to the (002) interlayer
stacking of conjugated aromatic systems, typical of
graphitic carbon nitride frameworks™>". Notably, CNS-
500 and CNS-550 exhibit a broadened (002) peak at 27.4°,
indicating enlarged interlayer spacing, which can be
attributed to thermal exfoliation at elevated temperatures. In
contrast, CNS-600 and CNS-650 display significantly
sharper and slightly shifted (002) peaks, suggesting the
formation of more ordered structures upon higher-
temperature calcination, as supported by SEM observations.

700
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Fig. 3 (a) XRD patterns and (b) nitrogen adsorption-desorption isotherms of the CN, CNS-500, CNS-550, CNS-600
and CNS-650 samples
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The peak at 13.0° reflects the surface crystallinity of the
samples, compared with CNS-500 and CNS-550, CNS-600
and CNS-650 exhibit enhanced crystallinity.

The nitrogen adsorption-desorption isotherms of the
samples are shown in Figure 3(b). According to the [IUPAC
classification, all samples exhibit type IV isotherms with
pronounced H1 hysteresis loops, indicating the presence of
mesoporous structures®®!). The textural parameters of the
samples are summarized in Table 1. As shown, the specific
surface area and pore volume of CNS samples increase
significantly upon calcination between 500 and 600 °C.
CNS-600 displays the highest surface area and pore volume,
exceeding those of pristine CN by more than tenfold. In
contrast, CNS-650 shows a decrease in surface area.
Combined with SEM observations, this trend can be
attributed to the formation of hollow tubular structures at
600 °C, while the development of a dense “brush-like”
morphology at 650 °C partially reduces the accessible
surface area.

The surface elemental composition and oxidation states
of the photocatalysts were analyzed using XPS. The
elemental distribution of C and N, as well as the

Table 1

corresponding C/N ratios, are summarized in Table 2.
Notably, compared to the bulk CN sample, the CNS
materials with different morphologies exhibit significantly
increased C/N ratios, suggesting the presence of nitrogen
vacancies in the carbon nitride synthesized from
supramolecular precursors®?. High-resolution N 1s spectra
of CNS-500, CNS-550, CNS-600 and CNS-650 are shown
in Figure 4. The N 1s peak can be deconvoluted into three
components located at approximately 398.7, 399.9 and
401.2 eV, corresponding to sp>-hybridized nitrogen in C=N-C,
tertiary nitrogen in the ring structure (N—(C);), and amino
functional groups (-NH or —NH,), respectively™>*. The
relative proportions of these nitrogen species
quantitatively analyzed, and the results are presented in
Table 3. With increasing calcination temperature, the
NecyNgc) ratio gradually decreases. These results indicate
that nitrogen vacancies in the CNS catalysts predominantly
originate from the loss of N, species.

Electron paramagnetic resonance (EPR) spectroscopy of
CN and CNS samples was also employed to further confirm
the presence of nitrogen defects. As shown in Figure 5, all
the samples exhibit similar Lorentzian signals.

were

Textural properties of the photocatalysts

Sample BET surface area/(m’-g ) Pore volume/(cm™-g ) Pore diameter/nm
CN 8.510 0.092 3.830
CNS-500 18.195 0.183 3.064
CNS-550 27.492 0.272 3.061
CNS-600 91.002 0.966 3.058
CNS-650 58.903 0.565 2.975

Table 2 Contents of C, N and O atoms in the CN, CNS-500, CNS-550, CNS-600 and CNS-650 samples determined by XPS analysis

Sample C N (0] C/N
CN 43.49 53.37 3.13 0.82
CNS-500 47.14 49.8 3.78 0.96
CNS-550 46.05 51.18 2.77 0.90
CNS-600 45.92 52.25 1.83 0.88
CNS-650 45.24 50.81 3.95 0.89
CNS-500 CNS-600 Nls

j
2 z
£ k=
2 |CNS-550 e CNS-650
k| g
[} Lo}
~ ~
n—n* excitations

408 406 404 402 400 398 396 394
Binding energy/eV

Binding energy/eV

408 406 404 402 400 398 396 394

Fig. 4 High-resolution XPS spectra of CNS-500, CNS-550, CNS-600 and CNS-650 samples in regions of N 1s
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Table 3 Contents of Nj), Njscy and N-H in N 1s obtained via XPS data

Sample Neg Nao) N-H Noef Naey
CNS-500 71.85 22.98 2.13 3.13
CNS-550 69.86 23.68 237 2.95
CNS-600 68.33 24.32 2.69 2.81
CNS-650 68.52 25.32 2.35 2.71
CNS650 3000-3300 cm™' is assigned to N—H and O-H stretching
CNS-600 vibrations®* =7,
CNS-550 The UV-vis diffuse reflectance spectra of all samples are
825-500 presented in Figure 7(a). The pristine CN sample exhibits

Intensity

3500 3520 3540

Magnetic field/G
Fig. 5 EPR results of the CN, CNS-500, CNS-550, CNS-600
and CNS-650 samples

3460 3480 3560

As expected, the EPR intensity of the CNS samples
gradually increased with increasing calcination temperature.
This result reflects the formation of nitrogen defects in the
CNS matrix, consistent with the XPS results.

2.3 Studies on the optical properties

FT-IR spectroscopy was employed to investigate the
surface functional groups of the catalysts, as shown in
Figure 6. The FT-IR spectra of all samples exhibit nearly
identical characteristic peaks, indicating that the bonding
structure of g-C;N, remains largely unchanged during
catalyst preparation, and the chemical compositions are
similar across all samples. The absorption bands are
primarily located in three regions: the sharp peak at
813 cm™! corresponds to the out-of-plane bending vibration
of triazine rings; the bands within the range of 1240—
1700 cm™ are attributed to typical stretching vibrations of

C-N heterocycles; and the broad absorption around

1.0
() ——CN
——— CNS-500
0.8 —— CNS-550
CNS-600
806 —— CNS-650
20
e}
S
£04r
02}

500 600 700 800
Wavelength/nm

300 400

an absorption edge at approximately 460 nm. In contrast,
the CNS-500, CNS-550 and CNS-600 samples display a
pronounced blue shift in the absorption edge, attributable to
their morphological and structural evolution. Whereas CN
retains a bulk structure, CNS-500 to CNS-600 gradually
exfoliate into rod-like morphologies, resulting in smaller
and thinner particles. This decrease in thickness and size
contributes to the widening of the bandgap!***°
distinct shoulder peak at 5S00—660 nm was observed for the
CNS-650 sample. As shown in Figure 7(b), the bandgap
(E,) of CN is about 2.70 V. In contrast, the lower E, value
of CNS-650 (2.63 eV) indicates an improved light-
harvesting ability compared with pristine CN. These results
suggest that the unique brush-like 3D structure, enriched
with defects and vacancies, can effectively tailor the
electronic structure of CN, thereby narrowing the bandgap.

1. However, a

CN

e e

CNS-500

CNS-550

CNS-600

CNS-650

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™!
Fig. 6 FT-IR spectra of CNS-500, CNS-550, CNS-600 and
CNS-650
2.0
(b) ——CN
—— CNS-500
15l —— CN8-550
’ ——— CNS-600
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Z 10}
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Band gap energy/eV

Fig. 7 (a) The UV-vis DRS spectra; (b) Plots of energy bandgap spectra of all samples
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Figure 8 presents the PL emission spectra of the samples
excited at 360 nm. In general, a weaker PL signal suggests a
lower recombination rate of photoinduced charge
carriers™ ™. As illustrated in Figure 8, the emission
intensity of the CNS series gradually decreases with
increasing calcination temperature compared to the pristine
CN sample, with a particularly notable reduction observed
for CNS-600 and CNS-650. Among them, CNS-650
exhibits the weakest emission signal, appearing nearly as a
flat line, suggesting the lowest recombination rate of
photogenerated electron-hole pairs and, consequently, the
most efficient charge separation.

2.4 Evaluation of the catalytic performance

The photocatalytic performance of the CNS catalysts
were assessed by monitoring dye degradation under visible-
light irradiation at different wavelengths (4 = 420, 575 and
660 nm). As shown in Figure 9(a), under red light (660 nm)
irradiation, the reference CN sample exhibited negligible
degradation of RhB within 240 min. In contrast, upon
reaching adsorption-desorption equilibrium, all CNS
samples showed a significant decline in RhB concentration
upon light exposure. The apparent reaction rate constants
for CN, CNS-500, CNS-550, CNS-600 and CNS-650 were
calculated to be 0.0005, 0.0009, 0.0029, 0.0034 and
0.0037 min ™', respectively. As illustrated in Figure 9(b) and
9(c), the red-light-driven photocatalytic degradation rate of
CNS-650 is approximately 7.4 times higher than that of

Under light irradiation at 420 and 575 nm, as shown in
Figure 9(d) and 9(e), the RhB solution was rapidly degraded
by the CNS series catalysts. Notably, CNS-650 achieved
complete degradation within just 30 min. The degradation
rate followed the order: CNS-650 > CNS-600 > CNS-550 >
CNS-500, consistent with the trend observed under 660 nm
red light. Furthermore, as illustrated in Figure 9(f), the CNS
catalysts also exhibited good photocatalytic activities for the
degradation of Methylene Blue (MB) and Methyl Orange
(MO), confirming their broad-spectrum activity under
visible-light irradiation.

2.5 Photoelectric performance test

To investigate the charge behavior of the semiconductor
catalyst before and after illumination, transient photocurrent
responses of pristine CN and the CNS-650 catalyst were
measured.
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pristine CN, highlighting its superior visible-light Wavelength/nm
responsiveness. Fig. 8 PL spectra of CN and CNS samples
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Fig. 9 (a) Comparison of the performance of photocatalysts on the RhB degradation under 660 nm LED irradiation; (b) and (c) The
corresponding first-order kinetics plots; (d) and (¢) Comparison of the performance of photocatalysts on the RhB degradation under
575 and 420 nm LED irradiation; (f) Comparison of the performance of photocatalysts on the MB and MO degradation under
420 nm LED irradiation (C,: concentration, C,: initial concentration)
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As shown in Figure 10(a), the photocurrent-time (i—¢)
curves were recorded under periodic light on/off cycles.
Upon illumination, the photocurrent increased sharply and
decreased rapidly when the light was turned off. Notably,
CNS-650 exhibited a photocurrent density nearly four times
greater than that of bulk CN. This enhancement is attributed
to the unique brush-like 3D structure, which facilitates more
efficient charge separation, transfer, and photocatalytic
degradation. LSV curves of the catalysts are shown in
Figure 10(b). Compared with pristine CN, CNS-650
exhibits a lower overpotential, suggesting a reduced energy
barrier for initiating photocatalytic reactions*?, specifically,
at a current density of —=0.025 mA/cm?, the overpotential of
CNS-650 is 0.34 V, which is significantly lower than that of
CN (0.63 V). EIS was conducted to evaluate the interfacial
charge transfer resistance of the catalysts. As shown in
Figure 10(c), semicircular Nyquist plots were obtained by
fitting the EIS data. The radius of the Nyquist semicircle
reflects the resistance to interfacial charge transfer™¥,
Compared with bulk CN, CNS-650 exhibits a smaller
semicircular radius, indicating lower interfacial resistance
and more efficient transport of photogenerated charge
carriers. These electrochemical results are consistent with
the observed photocatalytic degradation performance,
further confirming that morphology engineering of carbon
nitride effectively modulates the migration behavior of
photogenerated carriers, thereby enhancing
photocatalytic efficiency.

overall

various scan rates, as shown in Figure 11(a), (b).
electrochemically active surface area is proportional to the
double-layer capacitance (Cy) extracted from the CV
curves, with a higher Cy value indicating a greater density
of electrochemically active sites. The Cy of CNS-650
(32.67 pF/cm?) is notably higher than that of pristine CN
(18.75 pF/cm?), indicating a substantially greater number of
exposed catalytic active sites (Figure 11(c))*!. These
findings confirm that morphology engineering—particularly
the construction of a brush-like three-dimensional
architecture—promotes the exposure of a larger number of
catalytic active sites on the CN surface.

The catalyst’s band structure was examined using Mott-
Schottky measurements. The Fermi levels were estimated
from the Mott-Schottky plots by extrapolating the linear
regions to the x-intercepts at 1000 and 2000 Hz. As shown
in Figure 12, the positive slopes of the Mott-Schottky plots
for CN and CNS-650 confirm that both materials are n-type
semiconductors. Additionally, the Fermi levels of CN and
CNS-650 were determined to be —0.92 and —0.90 V wvs.
NHE, respectively. According to previous studies, the
conduction band (E;) of an n-type semiconductor generally
lies 0.1-0.3 eV below its Fermi level in terms of
potential“®®. Accordingly, the Ecy values of CN and CNS-
650 were estimated to be —1.02 and —1.00 eV, respectively.
Correspondingly, the valence band positions (Eyg) were
determined to be +1.68 and +1.63 eV, respectively, using
the equation Eyg = Ecs + E,, based on the (ahv) "* vs. hv

To evaluate the electrochemically active surface area, plotst 781,
cyclic voltammetry measurements were performed at
1.0 0
(a) —CN ~ (b) 500F 4 N ()
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g ; ~0.05 —— CNS-650 400 F
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§ o2l 3 " 200 r
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Fig. 10 I—t curves (a), LSV curves (b), Nyquist plot (¢) of CN and CNS-650 samples
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Fig. 11

-0.20 -0.15 —0.10 —0.05 0
Potential (V vs. Ag/AgCl)

0 20 40 60 80 100 120 140 160
Scan rate/(mV-s™")

The CV curves at different scanning rates of (a) CN and (b) CNS-650; (c) The fitting curves between

the capacitances and scanning rates



WANG Peng et al.: Metal-free brush-like 3D carbon nitride delivers... ... /J Fuel Chem Technol, 2026, 54(3), 20250207 (9 of 13)

6
= 1000 Hz (a)
2000 Hz s
5t -
.I
-I
—~ 4 Il.
o |
= -
2 3t -
2 L ]
1L 092V
\\ o CN

0
-1.5
Potential (V vs.NHE)

-1.0 0.5 0 0.5 1.0 1.5

20 =1000 Hz
18| ©2000 Hz
16
4l
=2l
S w0}
4 osl
6 -
4 |
0 NI . . CNS-650
-15 -1.0 —05 0 0.5 1.0 1.5

Potential (V vs.NHE)

Fig. 12 Mott-Schottky plots of (a) CN and (b) CNS-650

2.6 Photocatalytic mechanism

To elucidate the wunderlying reaction mechanism,
radical/hole trapping experiments were additionally
conducted, as illustrated in Figure 13. The benzoquinone
(BQ), disodium ethylenediamine tetraacetate (EDTA-2Na)
and tert-butanol (~-BuOH) were selected as the trapping
agents for the superoxide radical (O;*), holes (h") and
hydroxyl radicals (*OH), respectively'®. As shown in
Figure 13, the addition of EDTA-2Na to the RhB solution
had little effect on the degradation efficiency of CNS-660.
This result suggests that holes (h') played a negligible role
in the degradation process. In contrast, the presence of ¢-
BuOH reduced the RhB degradation rate, whereas the
addition of BQ markedly suppressed it.

—a— CNS-650
Lor —e— CNS-650+EDTA-2Na
—4— CNS-650++-BuOH
osl +— CNS-650+BQ
J
S 06
04}
02}
-10 05 0 05 1.0 15 20 25 3.0 35

Irradiation time/h

Fig. 13 Photocatalytic activity of CNS-650 for RhB
degradation with various scavengers under 660 nm

These results demonstrate that the superoxide radical
(0O;°) was the primary reactive oxygen species, while the
hydroxyl radical (*OH) functioned as the secondary species
in RhB degradation under red-light irradiation.

Furthermore, to elucidate the role of reactive species
during the photocatalytic process, electron spin resonance
(ESR) spectroscopy was utilized with 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) serving as the spin-trap. This
technique enabled the identification of radical intermediates
generated in situ under visible-light exposure in both CN
and CNS-650 samples™ . ESR measurements provided
direct evidence that the reactive oxygen species (O,* and
*OH) are primarily responsible for the photodegradation
observed in CN and CNS-650, strongly indicating that the
photocatalytic oxidation of organic compounds on the
brush-like CN proceeds via surface-mediated oxygen
reduction pathways. As shown in Figure 14, characteristic
ESR signals corresponding to O;* and *OH radicals were
observed under light irradiation, and their intensities
increased progressively with extended irradiation time.
CNS-650 exhibited significantly stronger ESR signals for
O;* and *OH radicals compared to CN, indicating its
superior ability to generate or convert reactive oxygen
species during the photocatalytic process. This result
reveals that the brush-like CN structure facilitates the
generation of more photoexcited electron-hole pairs,
subsequently promoting the formation and transformation
of abundant redox-active species, thereby enhancing the
photocatalytic degradation reaction.

Based on the above findings, the photocatalytic
mechanism of the brush-like CNS-650 is illustrated in

LED irradiation Figure 15.
DMPO--OH —— CN Dark —— CNS-650 Dark 02 0.3
02t —— ON Light 5 min —— CNS-650 Light 5 min DMPO--OH
. — CN Light 10 min —— CNS-650 Light 10 min 0.2
—— CN Light 15 min —— CNS-650 Light 15 min
0.1F
0.1
z 0.1 2 2
| | E ofem : {20
E 0 ’ E ~— CNS-650 Dark E
V —— CNS-650 Light 5 min -0.1}
=0.1} —— CNS-650 Light 10 min
01 —— CNS-650 Light 15 min —o2t
1 1 1 (a) — (b) —_ 3 1 1 1 1 (C)
3480 3500 3520 3540 3490 3500 3510 3520 3480 3500 3520 3540
Field/G Field/G Field/G

Fig. 14 ESR spectra of (a), (b) DMPO-*OH and (c) DMPO-O;" in dark and under light irradiation
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Fig. 15 The plausible mechanism of the photocatalytic performance of CNS-650

CNS-650, characterized by a narrow band gap and
enriched with nitrogen defects, can be efficiently excited
under red-light irradiation, leading to the generation of
electron-hole pairs. In traditional g-C;N, materials, the
majority of photogenerated charge carriers recombine
swiftly, leaving only a limited number of electrons available
to engage in photocatalytic processes. However, the unique
brush-like 3D architecture of CNS-650 enables more
efficient transport of photogenerated electrons along the
“bristle-like” pathways, promoting their migration to the
catalyst surface, where they generate reactive oxygen
species. Consequently, the recombination of photogenerated
electrons and holes on the CNS-650 surface is effectively
suppressed. The photogenerated electrons are likely to react
with dissolved O, to produce superoxide radicals (O;"),
which can further generate hydroxyl radicals ("OH) through
a secondary reaction with additional electrons. In contrast,
the valence band (VB) potential of CNS-650 is less positive
than the standard redox potential of *OH/OH", indicating
that the photogenerated holes in CNS-650 lack sufficient
oxidative power to convert OH™ into *OHP?. Drawing on
the preceding analysis, a reasonable photocatalytic reaction

pathway is outlined as follows'**!:

CNS +hv — CNS(e”)/CNS(h") (1)
CNS(e)+0,— CNS+0;" (2)
O;"+2CNS(e) +2H'—'OH + OH" (3)
RhB/MB/MO +O;" +*OH — products (4)

The CNS sample is excited under red-light irradiation,
leading to the generation of electrons and holes (Eq. (1)).
On the brush-like 3D skeleton, the photogenerated electrons
are captured by adsorbed molecular oxygen to produce
superoxide radicals, which play a key role in dye
degradation (Eq. (2)). Alternatively, the superoxide radicals
can further react with protons and electrons to generate
hydroxyl radicals, which act as stronger oxidizing agents
(Eq. (3)).

Therefore, the remarkable enhancement in the
photocatalytic activity of CNS-650 can be ascribed to the

synergistic effects of its optimized morphology and tailored
molecular structure:

(1) The brush-like 3D architecture of CNS-650
maximizes visible-light harvesting through a multiple-
reflection effect. Moreover, this unique structure facilitates
the formation of nitrogen defects on the catalyst surface,
thereby significantly enhancing its red-light absorption
capacity.

(2) The incorporation of the brush-like architecture
modulates the electronic structure of pristine CN, resulting
in the generation of additional catalytic active sites. Such
structural tuning extends the range of visible-light
absorption, enhances charge transport properties, and
promotes effective separation of photoinduced electron-hole
pairs.

(3) The superoxide radical (O;") is identified as the
dominant species in  visible-light-driven
photocatalysis, while hydroxyl radicals (*OH) serve as
secondary contributors that assist in the degradation
process.

reactive

3 Conclusion

In this study, a supramolecular precursor was employed
to synthesize a brush-like three-dimensional carbon nitride
with a nitrogen-vacancy-rich surface, which significantly
enhanced red-light absorption. Compared with bulk g-C;N,,
the brush-like architecture offers a higher density of
catalytic active sites and promotes both charge-carrier
migration and mass transport. This markedly improves the
separation efficiency of photogenerated charge carriers,
thereby enabling the generation of larger quantities of key
reactive species (O;* and *OH) for enhanced photocatalytic
performance. The synergistic effects of morphological
optimization and nitrogen vacancies significantly enhanced
the photocatalytic degradation activity, with the brush-like
3D g-C;N, exhibiting a red-light-driven degradation rate 7.4
times higher than that of bulk g-C;N,. Furthermore, we
propose that the red-light photocatalytic efficiency of CNS
materials can be further improved through rational
modulation of their surface properties and electronic
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