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Bacterial infections are a major global health challenge, posing severe risks to human well-being. Although
numerous strategies have been developed to combat bacterial pathogens, their practical application is
often hindered by operational constraints. Photocatalytic materials have emerged as promising
candidates for bacterial disinfection and food preservation due to their efficiency and sustainability. In
this study, a graphitic carbon nitride (g-CsN4) homojunction was synthesized, with reduced graphene
oxide (RGO) incorporated to suppress the rapid recombination of photocarriers. The resulting
composites demonstrated significantly enhanced photocatalytic antibacterial activity compared to

original g-CsNy4. The improvement is due to the critical role of RGO, which not only facilitates efficient
Received 3rd November 2024 lect t t but also introd h d that hanically di t bacterial cell b
Accepted 14th January 2025 electron transport but also introduces sharp edges that mechanically disrupt bacterial cell membranes.

The experimental results demonstrated that the composite exhibited a bactericidal efficiency of 99.92%

DOI: 10.1039/d4ra07829b against Escherichia coli and 99.85% against Staphylococcus aureus within 180 minutes, highlighting its
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1. Introduction

Harmful bacteria have become an increasingly serious hazard
to human life and health, specifically in modern society, where
globalization and urbanization have accelerated the diversifi-
cation of transmission pathways." These bacteria can cause
various acute and chronic diseases, such as foodborne illnesses,
respiratory infections, and tuberculosis.” They can also lead to
antibiotic resistance, rendering traditional treatments
ineffective.

Lately, the study and application of antimicrobial materials
have become a focal point in the fields of public health and
materials science.*” Traditional antimicrobial materials, such
as silver and copper-based compounds, have seen broad
application because of their excellent antibacterial properties.®®
However, their long-term use may lead to issues such as anti-
biotic resistance and environmental pollution. In contrast, the
application of photocatalysts and graphene-based materials
offers unique advantages.®™* Graphitic-carbon-nitride (g-C3N,),
a novel two-dimensional photocatalytic material,’>** features
a graphite-like structure with tri-s-triazine units and a bandgap
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potential for practical antibacterial applications.

of approximately 2.7 eV." It stands out for its low cost, good
stability, and eco-friendliness.”® Under light exposure, it can
generate reactive oxygen species (ROS) with strong oxidative
capability, achieving efficient antibacterial effects.'® Its advan-
tages include: (1) under sunlight or artificial light, photo-
catalysts can continuously exert antibacterial effects without
easily inducing resistance; (2) the antibacterial mechanism is
triggered by light activation, causing bacterial membrane
disruption and intracellular material oxidation, which mini-
mizes environmental impact.*”*

Fang et al. successfully fabricated phosphorus and sulfur co-
doped carbon nitride nanosheets (PSCN) through high-
temperature hydrothermal synthesis and liquid nitrogen exfo-
liation.” Compared to the original g-C3N,, PSCN exhibits
significantly enhanced photocatalytic antibacterial perfor-
mance. Upon visible-light, PSCN generates highly reactive
species, such as h" and ‘0, ~. Within 2.5 hours, its antibacterial
rate against Staphylococcus aureus (S. aureus) reached 99.2%,
and its antibacterial efficacy against Escherichia coli (E. coli)
reached 97.0% within 2 hours. In addition to heteroatom
doping, the construction of g-C3;N, homojunctions is another
effective modification strategy that significantly enhances
photocatalytic performance without introducing additional
elements. Ma and co-workers anchored CN quantum dots (QDs)
to g-C3Ny, creating a homojunction.? Its outstanding efficiency
is attributed to the energy level alignment of the homojunction,
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which facilitates well photocarriers separation. Under visible
light irradiation, HJ-C3N, achieved an H,0, production rate of
115 umol L' h™" in water, 8.6 times greater than that of g-C3N,,.
By constructing a homojunction, an internal electric field can
be formed within the single material system, effectively
promoting the separation of photocarriers and reducing their
recombination rate, thereby significantly improving photo-
catalytic efficiency. Additionally, the formation of the homo-
junction can adjust the light absorption range of g-C;Ny,
enabling more efficient utilization of solar energy.

Additionally, graphene-derived materials have become
a research hotspot as novel antibacterial materials due to their
excellent conductivity, mechanical strength, and high specific-
surface-area.”** The antibacterial properties of graphene
mainly arise from its unique two-dimensional structure, which
can physically disrupt bacterial cell membranes and inhibit
bacterial growth through surface adsorption mechanisms.*
Moreover, the combination of graphene with other antimicro-
bial materials helps enhance its performance.**?>*

Therefore, in this work, tightly bound g-C;N, homojunction
(UCN/SCN) were obtained through one-step calcination using
two carbon-nitrogen precursor materials. Furthermore, reduced
graphene oxide (RGO) composite materials (UCN/RGO/SCN)
were synthesized by one-step high-temperature calcination of
GO with the two g-C;N, precursors. The results show that,
compared to single g-C3N, materials (UCN and SCN), both the
homojunction UCN/SCN and the RGO-doped UCN/RGO/SCN
exhibit significantly enhanced carrier separation rates. Addi-
tionally, the incorporation of RGO improves the charge transfer
rate across interfaces. Under simulated sunlight irradiation, E.
coli and S. aureus was selected as the test subject to investigate
the photocatalytic antibacterial efficiency, as well as the influ-
ence of irradiation time on their antibacterial efficacy. The
results indicate that the RGO-doped heterojunction UCN/RGO/
SCN demonstrates superior antibacterial performance
compared to the other materials. The observed enhancement in
antibacterial performance in this study can be attributed to
several factors. First, the homojunction structure (UCN/SCN)
effectively boosts the separation of photocarriers, reducing
electron-hole recombination and optimizing carrier transport,
thus enhancing the performance of photocatalytic processes.
Second, the introduction of reduced graphene oxide (RGO)
significantly increases the charge conduction rate across the
interfaces, facilitating the movement of electrons within the
material. Additionally, the sharp edges of RGO lead to cell
inactivation, further improving antibacterial effectiveness.
Under light irradiation, the composite material generates more
active species, like hydroxyl radicals ("OH) and superoxide
anions ('O, "), which have a strong oxidative destructive effect
on bacterial cell membranes, thus enhancing antibacterial
performance.

2. Experimental methods and details
2.1. Catalyst preparation

2.1.1. Preparation of UCN. 10 g of urea was placed in
a 550 °C tubular furnace under continuous Ar flow, with
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a temperature increase of 5 °C per minute and a duration of 4 h.
Upon reaching room temperature, the obtained material was
gathered and denoted as UCN.

2.1.2. Preparation of SCN. Similar to the preparation of
UCN, except that 10 g of thiourea was used as the raw material
instead of urea.

2.1.3. Preparation of UCN/SCN. 5 g of urea and 5 g of
thiourea were placed in a tubular furnace at 550 °C under
continuous Ar flow, with a temperature increase of 5 °C per
minute and a duration of 4 h. Upon reaching room temperature,
the obtained material was gathered and denoted as UCN/SCN.

2.1.4. Preparation of UCN/RGO/SCN. First, 5 g urea and 5 g
thiourea were dissolved in 15 mL water. Then, 200 pL of
16.8 mg L' graphene oxide (GO) solution was slowly added to
the mixture. The resulting solution was placed in an 80 °C water
bath to evaporate. The subsequent steps are the same as those
mentioned above. The obtained material was gathered and
denoted as UCN/RGO/SCN.

2.1.5. Preparation of UCN/RGO. Similar to the preparation
of UCN/RGO/SCN, except that 10 g of urea was chosen as the
base material instead of the mixture of urea and thiourea.

2.1.6. Preparation of SCN/RGO. Similar to the preparation
of UCN/RGO/SCN, except that 10 g of thiourea was used as the
raw material.

2.2. Characterization

The crystal structure of the materials was examined using a D8
Advance polycrystalline X-ray diffractometer (XRD) (Bruker AXS,
Germany). The morphology was observed using a field emission
scanning electron microscope (SEM) (GeminiSEM 300, Carl
Zeiss, Germany). The chemical moieties were analyzed using an
infrared spectrometer (IR) (Cary 610/670, Varian, America). The
chemical composition, chemical state, and valence band posi-
tion were analyzed by Thermo Scientific Nexsa G2 X-ray photo-
electron spectrometer (XPS). Photoluminescence spectra was
analyzed using a spectrofluorometer (F-4500, Hitachi, Japan).
Electrochemical impedance spectra (EIS) and transient photo-
current were performed on an electrochemical workstation
(CHI660B, Shanghai Chenhua Co., China) with a three-
electrode system. 0.5 mol L™" Na,SO, solution was employed
as the electrolyte. EIS was conducted by applying 5 mV alter-
nating signal with a frequency of 100 kHz - 0.01 Hz.

2.3. Photocatalytic antibacterial experiment

Escherichia coli (E. coli) was chosen as the target bacterial strain
for the photocatalytic disinfection experiment. The bacteria
were cultured in Luria-Bertani (LB) nutrient broth for 12 h until
they reached the logarithmic growth phase, which was moni-
tored by measuring the OD600 value using a nucleic acid/
protein analyzer. A 2 mL bacterial suspension was collected.
The bacterial pellet was then washed twice with phosphate-
buffered saline (PBS) and resuspended in PBS solution. The
final concentration of the bacterial suspension was roughly 1 x
10’ CFUmL ™.

In the photocatalytic disinfection experiment, the 300 W
xenon lamp with a 400 nm filter was used (light intensity nearly
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100 mW cm?). Before the experiment, the equipment and
materials were sterilized at 121 °C for 20 min and subjected to
UV sterilization for 30 min. 20 mg photocatalyst was added to
20 mL PBS containing 400 pL of bacterial suspension. The
bacterial concentration at different time intervals was measured
by standard plate counting techniques.

For comparison, control experiments were performed under
the same conditions: one with the photocatalyst in the dark and
another under light without the photocatalyst. During the
photocatalytic experiment, using a magnetic stirrer for contin-
uous stirring. To avoid temperature effects, reaction were
carried out in an ice water bath. Each disinfection test was
repeated three times.

3. Results and discussion

The synthesis route was shown in the Fig. 1. Different g-C3;N,
precursors and GO were subjected to a one-step calcination
process to prepare RGO-doped g-C;N, homojunctions (UCN/
RGO/SCN). Fig. 2a illustrates the crystal structure of the
samples as verified by XRD. The distinct peaks at 13.5° (100) and
27.3° (002) were correspond to the planar structural stacking of
triazine units and the interlayer stacking of conjugated
aromatic rings, respectively (JCPDS 87-1526).>”%% It can be noted
that the peak intensity at 27.3° differs significantly between
UCN and SCN, with the peak intensity of SCN being significantly
higher than that of UCN. This suggests that structural variations
exist in g-C3N, synthesized from various precursors, with SCN
prepared from thiourea exhibiting a smaller interlayer spacing
than UCN. This suggests that UCN may retain a looser structure.

When GO is added and calcined with the precursors, the
resulting composite material UCN/RGO/SCN maintains a peak
shape aligned with that of g-C;N,, suggesting that it retains the
triazine ring structure. However, the peak intensities changes,
indicating that the RGO affects the interlayer arrangement of
aromatic rings to some extent.

FT-IR was used to identify the structure and functional
groups of compounds. As depicted in Fig. 2b, the peak nearly
810 cm™ ' is typically associated with the breathing mode in g-
C;N,, specifically due to the vibrations of the s-triazine rings.*®
This peak is generally considered a characteristic feature of
carbon nitride. Additionally, the 1200-1700 ¢cm ' peaks are
usually linked with the stretching vibrations of the heterocyclic
C-N and C=N bonds. The 3000-3500 cm ' peaks are typically
linked to the N-H vibrations of amino groups (-NH,) or
hydrogen-bonded N-H present on the surface of the sample,*>**

l
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Fig. 1 Schematic illustration of the synthesis route for UCN/RGO/
SCN.
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Fig. 2 (a) XRD and (b) FT-IR spectra of samples.

which often indicates residual moisture or surface amino
groups in the sample. The differences in peak intensity for g-
C;3N, prepared from different precursors suggest a variation in
the number of surface functional groups. Upon doping with
RGO, although there are changes in peak intensity, the peak
shape remains unchanged, indicating that the UCN/RGO/SCN
composite still retains the basic structure of CN.

The micro-morphology of the samples was observed using
SEM. In Fig. 3a, the morphology of UCN is composed of
a porous, sheet-like stacked structure. In contrast, Fig. 3b shows
that SCN is formed by the stacking of large, flat layers, resulting
in a relatively smooth surface. This suggests that UCN may have
a relatively loose interlayer spacing, while the interlayer struc-
ture of SCN is more compact, consistent with the conclusions
drawn from the XRD results mentioned earlier. When UCN/SCN
was obtained by one-step calcination of the two precursors, its
morphology remained a blocky stack, with a looseness that falls
between UCN and SCN (Fig. 3c). After the addition of RGO, the
morphology underwent a significant change. We observed large
folded block structures (Fig. 3d), which could be due to the
increased carbon content, leading to a tighter connection
between the homostructures.

The chemical composition and element states of the mate-
rials were analyzed using XPS, providing detailed insights into
the changes after incorporating RGO. In Fig. 4a, the C 1s XPS
spectrum presents three peaks at 284.80, 286.43, and 287.95 eV,
corresponding to C-C bonds in the s-triazine ring, C=N bonds,

Fig. 3 SEM images of (a) UCN (b) SCN (C) UCN/SCN and (d) UCN/
RGO/SCN.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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XPS spectra of (a) C 1s and (b) N 1s of UCN, UCN/RGO/SCN and

and N-C=N bonds, respectively.*>** Fig. 4b illustrates three
peaks at nearly 398.46, 399.97, and 401.05 eV, attributed to C-
N=C, N-(C)3;, and C-N-H bonds, respectively.**** In compar-
ison to the individual UCN and SCN, the C and N 1s peaks of the
UCN/RGO/SCN composite exhibit similar characteristics, indi-
cating that the composite still retains the basic 3-s-triazine
framework structure of the CN. However, in the C 1s spec-
trum, the intensity of the C-C peak corresponding to the foreign
carbon is notably enhanced, which is indicative of the
successful incorporation of carbon from RGO.

The optical absorption characteristics of the materials were
evaluated using UV-vis-NIR absorption spectroscopy. In the
Fig. 5a, SCN exhibits a significantly stronger light response
compared to UCN. After doping with RGO, the light absorption
performance of both materials is notably improved, surpassing
that of the original SCN and UCN.

Among the various composite materials, UCN/RGO/SCN
demonstrates superior light absorption capability compared
to UCN/RGO and SCN/RGO. This enhanced absorption is linked
to the construction of the homojunction and the doping of
reduced graphene oxide (RGO). The experimental results
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Fig. 5 (a) UV-visible diffuse reflectance spectra of different samples,
(b) Tauc plot for UCN, SCN and UCN/RGO/SCN VB XPS spectra of (c)
UCN and (d) SCN.
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indicate that RGO doping effectively enhances the catalyst's
light absorption capacity, which is crucial for improving solar
energy utilization and ultimately accelerating the photocatalytic
activity. In photocatalytic experiments, this improvement allows
the photocatalytic materials to better absorb light in the visible
spectrum.

Based on the UV-vis-NIR absorption spectra, the bandgap
values (Eg) were calculated using the formula ahv = A(hv —
Eg)”/ 236 The calculated bandgap values for UCN and SCN are
2.64 eV and 2.55 eV, respectively (Fig. 5b). Additionally,
according to the XPS results of the valence band (VB), the VB
levels of UCN and SCN are 1.83 eV and 1.97 eV (Fig. 5¢ and d),
respectively. The conduction band (CB) can be calculated using
the formula: E = E,; — Evg.”” Therefore, the CB positions of UCN
and SCN are —0.81 eV and —0.58 eV, respectively.

Through PL spectroscopy, the behavior of photocarriers
generated by the photocatalyst under light irradiation can be
observed, helping to understand their separation efficiency and
recombination rate.*® As shown in the Fig. S1,f the single UCN
and SCN catalysts exhibit the highest intensity at 440 nm. In
contrast, the PL peak of the composite material UCN/RGO/SCN
is notably decreased, implying that the construction of the
heterojunction and doping with reduced graphene oxide (RGO)
can markedly improve carrier separation efficiency. The PL
results indicate that during the reaction process, UCN/RGO/
SCN involves more photo-generated electrons in the reaction,
which is consistent with its superior photocatalytic antibacterial
activity.

Improving charge transfer efficiency is crucial for con-
structing efficient photocatalysts.** Electrochemical impedance
spectroscopy (EIS) could be used to evaluate the charge transfer
efficiency of materials. The Fig. 6a shows the Nyquist plots of
the materials tested under illumination. The UCN/RGO/SCN
composite material has a smaller semicircle radius compared
to UCN and SCN. This is because the doping of carbon enhances
the charge transfer capability of the catalyst, suggesting that the
resistance to photo-electron transfer throughout the UCN/RGO/
SCN is significantly lower than in other samples. This results in
a notable increase in the transfer efficiency of photocarriers in
the composite material doped with graphene oxide.

To further elucidate the photocarriers separation character-
istics of the UCN/RGO/SCN, transient photocurrent measure-
ments were conducted. Materials with higher photocurrent,
which serve as the driving units for photocatalytic reactions,
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Fig. 6 (a) Electrochemical impedance spectra and (b) transient

photocurrent responses of UCN, SCN and UCN/RGO/SCN.
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typically exhibit higher electron-hole separation efficiency.
This, in turn, is closely related to the longevity of photo-
carriers.” In the Fig. 6b, a comparison of UCN/RGO/SCN with
pure UCN and SCN reveals that the composite material doped
with graphene oxide shows the most significant carrier sepa-
ration capability. This is ascribed to the well conductivity of
graphene, which enhances electron transfer between interfaces.
Additionally, the homojunctions formed by UCN and SCN are
connected by graphene oxide to create a solid-state hetero-
junction, which accelerates the efficient separation of photo-
carriers and facilitates interfacial charge transfer.

4. Photocatalytic antibacterial
performance evaluation

To investigate the impact of photocatalysts on antibacterial
performance, a dark control group, a pure light irradiation
control group, and a photocatalytic experimental group were set
up. The Fig. 7a and b shows the condition of E. coli in both the
control and experimental groups after 180 minutes of visible
light irradiation. The antibacterial rates for UCN, SCN, UCN/
SCN, UCN/RGO, SCN/RGO, and UCN/SCN/RGO were 58.12%,
51.34%, 84.21%, 93.26%, 88.63%, and 99.92%, respectively. The
effect of photocatalyst dosage on antibacterial performance was
also investigated (Fig. 7c), and it was observed that increasing

@) ~ (b)
:-E] 7 £ 100} WO Escherichia coli
B* Z % '
=
@4 3 60
=3 s
£, £ 40
: g
S £ 20
E 0 f——venRGOSCN |/ o LIS
0 60 120 180 e sc-:_‘c,wsc\‘(S\ﬁct‘(g‘““;zu‘,\sC"
(©) Time (min) d) o™
37 —e—0.25gL" L7 ——Staphylococcus aureus
E 6 ——05gL" E 6 —e— Escherichia coli
2 ——1gL" 2
U_S ——2gL" U_5
a4 a4
S El
=3 c3
7 s
g2 &2
21 g1
E 0 30
0 60 120 s 0 60 120 180
Time (min) Time (min)
(¢)
3
S
5
s
-
9
0 min 60 min 120 min 180 min
Fig. 7 (a and b) Photocatalytic antibacterial efficiency of E. coli by the

control group and different photocatalysts. (c) Effect of catalyst
concentration on antibacterial activity against E. coli. (d) Comparison
of antibacterial performance against different bacteria (e) Coated
plates showing results for E. coli and S. aureus using UCN/RGO/SCN.
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the dosage improves efficiency up to a point. When the dosage
exceeds 1.0 g L™, the improvement plateaus. This is likely due
to the aggregation of excess catalyst particles, which causes light
scattering and shielding, reducing effective light absorption
and limiting photocatalytic activity.**

The antibacterial performance of UCN/RGO/SCN against S.
aureus was further investigated. As shown in the Fig. 7d, its
antibacterial efficiency reached 99.85% at 180 minutes. Fig. 7e
illustrates the monitoring results of the antibacterial process,
where a significant reduction in bacterial colonies over time was
observed through bacterial suspension culturing. This demon-
strates that the material exhibits excellent antibacterial efficacy
against both E. coli and S. aureus.

Simultaneously, the morphological alterations of bacteria
were observed using SEM, as depicted in the Fig. 8a and b. E.
coli exhibited an intact morphology before treatment, while
after photocatalysis, the cells showed signs of shrinkage. The
incomplete cell structure further confirmed irreversible cell
damage. Considering the morphological changes, it can be
inferred that the ROS generated by the UCN/SCN/RGO
composite played a role in the death of E. coli and the leakage
of cytoplasmic contents.

The live and dead bacteria after sterilization were observed
using a laser scanning confocal microscope, and the results are
shown in the Fig. 8c. DMAO stains live bacteria with intact cell
membranes, emitting green fluorescence, while PI stains dead
bacteria with damaged cell membranes, emitting red fluores-
cence. In the absence of photocatalyst and light exposure, the
bacterial cells exhibited strong green fluorescence with minimal
red fluorescence. After photocatalytic treatment, a large amount
of red fluorescence appeared in the bacterial cells, indicating
that the bacteria were extensively inactivated under the UCN/
RGO/SCN photocatalytic action.

Before Disinfection

20 um

After Disinfection

20 pm ' ;
DMAO PI Merge
Fig. 8 SEM images of E. coli (a) before and (b) after antibacterial
treatment. (c) DMAO/PI-mediated live/dead assay of E. coli cells.
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Under dark conditions with the addition of the photo-
catalyst, the number of bacterial colonies decreased, with
a bacterial mortality rate of 16.97% (Fig. 7a), indicating that
UCN/SCN/RGO exhibited certain bactericidal ability. SEM
observations revealed that (Fig. S2t), compared to the original
E. coli, the bacteria treated in the dark displayed noticeable
wrinkles and some surface damage. This suggests that the
bacterial cell membrane may have been affected, possibly due to
the sharp edges of the reduced graphene oxide (RGO) material
making contact with the bacterial surface, leading to physical
damage. The sharp structures of RGO may interact with the
bacterial membrane, causing localized damage, thereby
affecting the cell's structure. Such physical effects caused by the
surface morphology of nanomaterials have been reported in
previous studies,””** indicating that nanomaterials can cause
localized disruption of bacterial membranes through direct
contact, which in turn impacts bacterial survival.

After 180 minutes of light irradiation, the number of colo-
nies in the UCN/SCN/RGO group was markedly reduced against
the UCN and SCN groups. The reasons for this are twofold:
firstly, the addition of RGO introduces sharp edges that directly
damage bacteria; secondly, the formation of homojunctions in
UCN and SCN suppresses charge carrier recombination, while
the inclusion of RGO promotes charge transfer at the interface.
This allows more electrons and holes to react with O, and H,O
to generate ROS, thereby achieving excellent antibacterial
performance.

Next, the durability of the photocatalyst was assessed. The
results are shown in the Fig. 9a. After five cycles, the composite
material maintained a high antibacterial rate against E. coli. As
depicted in Fig. 9b, the unchanged FTIR peak shape suggests
that the chemical structure and major functional groups of the
material remain intact, indicating its chemical stability during
the reaction process. However, the overall decrease in peak
intensity could be attributed to the adsorption of reaction
residues on the surface of the photocatalyst. While these
adsorbed substances may not significantly impact the active
sites of the photocatalyst, they could obscure or weaken certain
characteristic peaks during FTIR analysis, thereby leading to
a reduction in the observed signal intensity.

To demonstrate the importance of ROS in photocatalytic
antibacterial activity, radical scavenging tests were conducted.
In the experiments, tert-butyl alcohol (TBA) and benzoquinone
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Fig. 9 (a) Continuous cycling photocatalytic antibacterial perfor-
mance of UCN/RGO/SCN and (b) FT-IR spectra of UCN/RGO/SCN
before and after the reaction.
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(BQ) were added to the mixed solution of the photocatalyst and
bacterial suspension as scavengers for ‘OH and ‘O, .*> As
depicted in Fig. S3,f the antibacterial performance was signif-
icantly inhibited after the addition of TBA, suggesting that "OH
plays a crucial role in the disinfection process. Additionally, the
sterilization efficiency is also partially suppressed when BQ was
added, indicating that 'O,  contributes significantly to the
reaction system. These results further confirm the synergistic
effect of ‘OH and 'O, in the photocatalytic antibacterial
process, providing evidence for a deeper understanding of the
role of active species in antibacterial action.

Through ESR analysis of radical generation and transfer
mechanisms, the production of ‘O, and ‘OH was detected
using 5,5-dimethyl-1-pyrroline N-oxide (DMPO).* The experi-
mental results are depicted in the Fig. 9. It indicates that under
dark conditions, the characteristic signal of DMPO-'O,  is
almost undetectable (Fig. 10a), suggesting that neither UCN/
RGO/SCN nor UCN/SCN produce O, in the dark. However, as
shown in Fig. 10b, when exposed to light, both UCN/RGO/SCN
and UCN/SCN exhibit DMPO-'O, " signals with an intensity
ratioof 1:1:1:1, indicating that both can generate ‘O, under
illumination, with UCN/RGO/SCN showing a significantly
stronger signal. This further confirms that the inclusion of GO
helps suppress the recombination of electron-hole pairs,
leading to a higher reduction of O, to O, in the system.

The Fig. 10c and d shows the DMPO’-OH EPR spectra, where
no signal peaks appear under dark conditions, indicating that
neither UCN/RGO/SCN nor UCN/SCN generate "OH in the dark
(Fig. 10c). Upon illumination, strong signals with an intensity
ratio of 1:2:2:1 are observed (Fig. 10d). This indicates that
both UCN/RGO/SCN and UCN/SCN can generate ‘OH under
light, with UCN/RGO/SCN displaying a significantly stronger
signal. This further confirms that the addition of RGO enhances
the carrier separation rate.

Since the reduction potential of O,/°0O,” is —0.33 eV (vs.
NHE) and the oxidation-reduction potential of OH /°OH is
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Fig. 10 EPR spectra of DMPO-"0,~ of UCN/SCN and UCN/RGO/SCN
(a) in the dark and (b) in the light. EPR spectra of DMPO-"OH radicals of
UCN/SCN and UCN/RGO/SCN (c) in the dark and (d) in the light.
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Fig. 11 Schematic illustration of the antibacterial mechanism of UCN/
RGO/SCN under visible light.

2.38 V (vs. NHE)," electrons with reduction capability trans-
ferred to RGO can capture and reduce O, molecules to O, .
However, the h" could not directly oxidize OH™ or H,O to "OH
but can further react with ‘O,” to produce 'OH. Under the
action of these active radicals, the cell membranes of E. coli
break, leading to bacterial death. These experimental results
confirm that UCN/RGO/SCN can produce ‘O, and "OH during
photocatalysis, and the introduction of RGO results in a higher
quantity of radicals produced.

The Fig. 11 shows the schematic of antibacterial activity for
UCN/RGO/SCN under visible-light irradiation. Upon illumina-
tion, electron-hole pairs are separated. Compared to single
UCN and SCN, the homojunction structure of UCN/SCN facili-
tates spatial separation of photocarriers, increasing the number
of electron-hole pairs. With the introduction of RGO, more
photo-electrons are transferred to the RGO surface, further
accelerating carriers separation. Under the reduction action of
electrons, O, was converted to ‘O, , which can further trans-
form into "OH under the action of holes. Therefore, under the
action of these active radicals, bacteria can be effectively killed.

To evaluate the toxicity of UCN/RGO/SCN on mammalian cell
lines, a CCK-8-based cytotoxicity assay was conducted. The
results were presented as the relationship between catalyst
concentration and cell survival rate (Fig. S41). At a concentra-
tion of 2 mg mL ™", over 80% of mouse fibroblast cells (1929)
remained viable. According to existing literature standards,
a cell viability above 70% is typically considered safe, while
values below this threshold may indicate potential cytotox-
icity.*® This result is particularly significant because fibroblasts
are the primary cell type in animal connective tissue, respon-
sible for synthesizing and secreting fibers and the extracellular
matrix. These components play a crucial role in wound healing
and tissue support.*

5. Conclusions

In summary, a novel metal-free photocatalyst with RGO-doped
g-C3N, homojunctions has been successfully fabricated for
efficient disinfection. Notably, the doping of RGO significantly
enhances the migration efficiency of photo-electrons while
suppressing the recombination of photocarriers, thereby
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improving photocatalytic performance. Additionally, the sharp
edges of RGO can disrupt cell membranes, further enhancing
the antibacterial efficacy of UCN/RGO/SCN. The UCN/RGO/SCN
photocatalyst achieved a high photocatalytic disinfection rate of
99.92% against E. coli and 99.85% against S. aureus within 180
minutes. The stability and environmental friendliness of UCN/
RGO/SCN materials give them great potential for practical
applications. They not only provide new insights for the devel-
opment of metal-free antibacterial materials but also offer
effective solutions for future public health and environmental
protection.
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