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ARTICLE INFO ABSTRACT

Keywords: The efficient generation and utilization of ROSs is a key step in determining the achievement of safe drinking
Photocatalytic bacterial inactivation water by photocatalytic bacterial inactivation technology. Although graphitic carbon nitride (g-C3Ny4) serves as a
8-C3Ny

green and promising photocatalyst for water disinfection, insufficient bacterial capturing capacity and serious
charge recombination of pristine g-C3Ny4 extremely restrict its bactericidal activity. Herein, we develop a facile
thermal exfoliation and thermal polymerization method to prepare the nitrogen-defective ultrathin g-C3N4
nanosheets (DUCN-500). Our results showed that ultrathin nanosheet structure greatly enhanced bacterial
capturing capacity of g-C3Ny to increase the utilization efficiency of ROS, which contributed to the performance
of DUCN-500 greatly outperforming bulk g-C3N4. The nitrogen defects increased ROS generation (-Oz and Hy05)
by approximately 4.6 times, which was attributed to negative shift of the conduction band potential and rapid
separation of charge carriers. The DUCN-500 could rapidly and completely inactivate Escherichia coli and Bacillus
subtilis in real sewage under simulated solar irradiation, accompanied by good anti-interference capability and
stability. Additionally, bacterial morphology destruction, the loss of antioxidant enzyme activity and the leakage
of protein were proven to be the main mechanisms of photocatalytic sterilization. This study offers new insight
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into the rational design of efficient g-C3N4-based photocatalysts for water disinfection.

Introduction

Infectious epidemics from waterborne pathogens have caused severe
threats to the health of humans worldwide (Kadoya et al., 2021; Ziemba
et al., 2019). Thus, cost-effective and efficient water disinfection tech-
nologies are urgently needed to satisfy the requirements for safe
drinking water. Photocatalytic bacterial inactivation as a sterilization
strategy has drawn extensive attention because of its low cost, non-
toxicity and outstanding sterilization effect (Zhu et al., 2022). Though
photocatalysts can generate reactive oxygen species (ROSs) to attack the
bacteria membrane under light irradiation (Li et al., 2012), large
amount of ROSs and long residence time are required to achieve efficient
inactivation efficiency (Yang et al., 2022). Furthermore, ROSs are easily
scavenged by the matrix components of practical water (Li et al., 2020),
thereby weakening their bactericidal activity. Therefore, the efficient
generation and utilization of ROSs is a key step in determining the
achievement of safe drinking water by photocatalytic bacterial inacti-
vation technology.

* Corresponding authors.

The poor bacterial inactivation by photocatalysts can be ascribed to
the electrostatic repulsion between negatively charged bacteria and
photocatalysts, which reduces the lethality of the generated ROSs (Liu
et al., 2022). Therefore, the bacterial capturing capacity of photo-
catalysts is crucial for bacterial inactivation. Interestingly, the strong
affinity between the photocatalyst and functional groups on the bacte-
rial cell membranes can strengthen bacterial inactivation by facilitating
charge transfer of the photocatalyst-bacteria (Liang et al., 2017).
Moreover, photocatalysts can tightly wrap bacteria to weaken the
mobility of bacteria, thereby enhancing the inactivation effect of ROS on
bacteria (Sun et al., 2019). Therefore, enhancing the bacterial capturing
capacity of photocatalysts can increase the bactericidal activity.

Hydrogen peroxide (H203) has been considered an efficient and
green ROS for water disinfection owing to its relatively long lifetime and
safe byproducts (Sun et al., 2014). Notably, HoO> can enhance bacteri-
cidal efficiency by quickly penetrating the cell membrane of bacteria
(Fan et al., 2021). Moreover, H,0, is difficult to react with the matrix
components, thereby exhibiting excellent bactericidal activity and
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anti-interference ability in practical wastewater. Photocatalytic reduc-
tion of oxygen provides an environmentally friendly and low-energy
pathway for in situ production of HoO», which can reduce the risk and
costs of the production of HpO5 (Li et al., 2023). As a metal-free pho-
tocatalyst, graphitic carbon nitride (g-C3N4) stands out with intensive
attention among various candidates owing to its unique characteristics,
including regulatable optical and electronic features and nontoxicity
(Majdoub et al., 2020). However, insufficient bacterial capturing ca-
pacity and serious charge recombination of bulk g-C3N4 extremely
restrict its bactericidal activity. Building a porous ultrathin structure has
been considered a feasible strategy to enhance the bacterial capturing
capacity of photocatalysts, which provides large specific surface area
and sufficient active sites for bacterial adsorption (Ong et al., 2016; Xu
et al., 2017). In addition, the intrinsic defect regulation engineering of
g-C3Ny4 has been proven to be a superior strategy to suppress the
recombination of charge carriers, which can not only promote charge
separation, but also adjust its electronic band structure, thus enhancing
the photocatalytic production of HyO5 (Huang et al., 2019). Elucidating
the relation between defective structure and bactericidal activity is
important for the rational design of efficient g-C3Ny-based photo-
catalysts and further developing defect regulation strategy in g-C3Ny4
with an ultrathin structure for efficient photocatalytic bacteria
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inactivation is highly feasible.

Herein, we fabricated nitrogen-defective porous ultrathin g-CsNy4
nanosheets (DUCNs) by facile thermal polymerization procedure.
Without the aid of any external chemical additives (e.g., templates and
noxious solvents) controlling the thermal exfoliation and polymeriza-
tion procedure of g-C3N4 can effectively adjust the ultrathin nanosheet
structures and nitrogen vacancies, thereby significantly reducing the
risk and costs of the DUCNs preparation. The morphological, optical and
physicochemical properties of photocatalysts were characterized via
multiple methods. The bactericidal performances of photocatalysts
against two model bacteria strains, the gram-negative strain Escherichia
coli (E. coli) and the gram-positive strain Bacillus subtilis (B. subtilis), were
investigated. In addition, the effects of water matrix components and
real water sources on the bactericidal activity and reusability of DUCN
were studied. The bacterial capturing capacity and sterilization mech-
anisms of DUCN were also systematically studied. This work offers a
facile method to prepare ultrathin g-C3N4 nanosheet with nitrogen de-
fects for efficient pathogen inactivation.
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Fig. 1. (a) The preparation strategy for nitrogen-defective ultrathin DUCN nanosheets; AFM images of PUCN (b) and DUCN-500 (c); and the corresponding height
profiles of PUCN (d) and DUCN-500 (e). High-resolution XPS spectra of N 1s (f) and EPR spectra(g) of various catalysts.
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Results and discussion
Morphology and structure characterization

Nitrogen-defective ultrathin DUCN nanosheets were synthesized via
the proposed thermal polymerization procedure (Fig. 1a). BCN exhibited
an irregular bulk morphology with coarse surfaces (Fig. S1). For PUCN
and DUCN-500, an ultrathin sheet-like morphology was observed,
indicating that the thermal exfoliation validly constructed an ultrathin
structure. The thickness of the samples was detected by atomic force
microscopy (AFM). It can be clearly seen that PUCN and DUCN-500
possessed ultrathin nanosheet structures with thicknesses of approxi-
mately 2~3 nm (Fig. 1b-e). Furthermore, the Ny adsorption/desorption
isotherms and pore size distribution curves (Fig. S2a-b) confirmed the
coexistence of microporous and mesoporous structures in DUCN-500.
The pore structural parameters and surface areas of photocatalysts are
listed in Table S1. Remarkably, the surface area of DUCN-500 (213.71
m? g ~ 1) was significantly increased compared with that of BCN
(Fig. S2¢), implying that the thermal polymerization could dramatically
increase the specific surface area of g-C3Ny.

As shown in Fig. S2d, all samples consisted of C, N and O elements.
Moreover, Fig. 1f shows the high-resolution N 1s spectra for all photo-
catalysts, with four main peaks located at 398.6, 399.6, 401.0 and 404.4
eV, which were assigned to N-C=C, N-(C);, CNH, and r-excitation,
respectively. In particular, the peak area ratio of N-C=C/N-(C)3 for
DUCN-500 (2.74) was dramatically reduced compared with those of
BCN and PUCN, further proving the formation of Vy at the N-C=C sites
during Ny thermal polymerization (Liu et al., 2018). Vy, as the
electron-enriched center, can not only facilitate electron transfer be-
tween the in-plane and interlayer of the photocatalyst, but also adjust
the redox capability of the catalyst, thereby reducing the reaction acti-
vation energy barrier. Furthermore, electron paramagnetic resonance
(EPR) intensity of the photocatalysts followed the order of DUCN-600 >
DUCN-500 > DUCN-400 >PUCN > BCN, suggesting that the intrinsic
defect degree of g-C3Ny4 could be effectively adjusted by thermal poly-
merization in Ny (Figs. 1g and S2e). Fourier transform infrared (FTIR)
spectra (Fig. S2f) of all photocatalysts exhibited similar adsorption peaks
at 805, 1100-1700 and 3000-3400 cm™! were corresponding to the
s-triazine unit, C—N heterocycles and N—H groups, respectively. The
FTIR results suggested that the modified samples maintained the basic
triazine structure of g-CsNy.

Optical properties and electronic structures

The ultraviolet-visible absorption spectra and the relevant bandgaps
of photocatalysts are depicted in Fig. S3a-b. Furthermore, the corre-
sponding valence band potentials of BCN, PUCN and DUCN-500 were
calculated to be 1.47, 1.44 and 1.29 V (vs. NHE, pH=7), respectively
(Fig. S3c) (Yu et al., 2017). Moreover, the detailed band structures of
samples are illustrated in Fig. S3d, confirming that the photocatalysts
could meet the thermodynamic demands for the production of -O3 and
H20, by photocatalytic oxygen reduction reaction (Liu et al., 2021).
Notably, the conduction band (CB) potential of DUCN-500 was nega-
tively shifted by 0.25 V compared to that of BCN, which was attributed
to the introduction of nitrogen defect. In Fig. S4a, the photo-
luminescence (PL) intensities of these catalysts were in the order of
DUCN-500 < PUCN < BCN, suggesting that nitrogen defects effectively
promoted the separation of photogenerated charge carriers in g-C3Ny.
Compared with BCN and PUCN, DUCN-500 displayed slower PL decay
kinetics and the longest average lifetime of 3.55 ns, outperforming
PUCN and BCN (Fig. S4b and Table S2), confirming that the introduction
of N defects could effectively suppress the rapid recombination of
photoexcited electron holes. Furthermore, DUCN-500 photoelectrode
demonstrated a higher photocurrent density than BCN and PUCN
(Fig. S4c), confirming that N defects could accelerate the transfer of
charge carriers. Overall, N defects not only improve the reductive
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capability of CB, but also promote the separation of photogenerated
charge carriers, showing great potential for photocatalytic sterilization.

Photocatalytic bactericidal performance

For the photocatalytic inactivation of E. coli, the BCN and PUCN
displayed poor inactivation efficiency with 2.4 and 3.5 log;o CFU/mL for
E. coli within 90 min, respectively (Fig. 2a). Compared with the DUCN-
400 and DUCN-600, DUCN-500 demonstrated the highest sterilization
performance with complete inactivation of 7.0 log;¢o CFU/mL for E. coli
within 60 min (Fig. S5a). For the photocatalytic inactivation of
B. subtilis, the complete inactivation of 7.1 log;o CFU/mL for B. subtilis
was achieved by DUCN-500 within 75 min (Figs. 2b and S5b), outpacing
the DUCN-400 and DUCN-600 photocatalysts. The above results
confirmed that DUCN-500 with the ultrathin nanostructure and N de-
fects could obviously strengthen the bactericidal activity. Notably,
DUCN-500 photocatalytic sterilization fully restrained the reactivation
of E. coli and B. subtilis within 7 days (Fig. S6a-b), suggesting that DUCN-
500 could rapidly and completely inactivate bacteria. Furthermore, the
photocatalytic sterilization activity of DUCN-500 could be comparable
with those of recently reported g-C3N4-based photocatalysts (Table S3),
implying its superior bactericidal efficiency. Compared with other
existing and emerging AOP-based disinfection systems, the inactivation
efficiency and cost of the DUCN-500 sterilization system were compet-
itive (Table S4), which can be a potential and low-cost technology for
bacterial inactivation.

The influences of HA and inorganic anions were investigated to
evaluate the sterilization efficiency of DUCN-500 in complicated water
matrices. As the dosage of HA increased from 0.5 to 10 mg/L, the
inactivation of E. coli was slightly inhibited (Fig. S6¢), which could be
attributed to the consumption of ROS by high concentration of HA.
Moreover, the bactericidal efficiency for E. coli was slightly restrained in
the presence of CH3COO™, S0%~, NO3 and Cl~ (Fig. S6d). Moreover, the
photocatalytic sterilization performance and structural stability of
DUCN-500 displayed no distinct decline and difference after 5 cycles
(Figs. S6e and S7), revealing its good reusability and stability. Moreover,
photocatalytic bacterial inactivation by the DUCN-500 was also exam-
ined in actual water systems, containing ground water (GW), river water
(RW) and secondary effluent (SE). The water quality parameters of real
sewage are summarized in Table S5. As displayed in Fig. 2¢, 7.0 logig
CFU/mL of E. coli could be inactivated within 60 and 75 min by DUCN-
500 in the GW, RW and SE, respectively. In addition, 7.0 log;o CFU/mL
of B. subtilis cells could be inactivated within 75 min by DUCN-500 in
GW and RW, respectively, while complete inactivation of 7.1 log; o CFU/
mL for B. subtilis was achieved by DUCN-500 within 90 min in SE
(Fig. 2d). The slightly decreased bactericidal ability might be caused by
matrix components of practical water. In summary, DUCN-500 showed
great prospects for photocatalytic bacterial inactivation in practical
water treatment.

Working reactive species

The quenching experiments are conducted to evaluate the contri-
bution of specific ROSs in photocatalytic sterilization by DUCN-500.
Specifically, ammonium oxalate, Cr (VI), isopropanol, i-histidine,
4-hydroxy-TEMPO (TEMPOL) and catalase (CAT) were used as the
scavengers for ht, e”, -OH, 10,, -03 and Hy0,, respectively. The dosages
of these scavengers used in this study had no influence on bacterial
growth (Fig. S8a). As displayed in Fig. 3a, little inhibition of sterilization
performance with the addition of isopropanol and r-histidine, respec-
tively, demonstrating that -OH and 'O, was not directly involved in
sterilization. Furthermore, with the addition of ammonium oxalate, the
bactericidal efficiencies decreased slightly, revealing that h™ played a
moderate role in sterilization. More strikingly, the addition of Cr (VI),
TEMPOL and CAT obviously reduced the bactericidal efficiencies,
revealing the important role of e”, -O3 and H302 in photocatalytic
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Fig. 2. Photocatalytic inactivation efficiencies toward (a) E. coli and (b) B. subtilis using as-synthesized photocatalysts; Photocatalytic inactivation of (c) E. coli and
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sterilization. These results demonstrated that the contribution of reac-
tive species for bacterial inactivation followed the order of HyOy > h' >
10,, with HyO5 played the major role in bacterial inactivation (Fig. S8b).

Potential (V vs. Ag/AgCl)

Fig. 3. (a) Photocatalytic bactericidal -effi-
ciencies of E. coli by DUCN-500 with different
scavengers. (0.5 mM ammonium oxalate, 0.1
mM Cr (VI), 0.5 mM isopropanol, 0.5 mM -
histidine, 2 mM TEMPOL, 100 U/mL CAT). (b)
EPR spectra of DMPO--O; for BCN, PUCN and
DUCN-500 suspensions under light irradiation;
(c) H20, concentrations photogenerated by
BCN, PUCN and DUCN-500; (d) LSV curves of
DUCN-500 measured on RDE at various
rotating speeds, inset: the corresponding K-L
plots.

Moreover, the photocatalytic bactericidal efficiency was almost
completely restrained under Ar (Fig. S8¢c), indicating that O, was the
precursor of -O3 and HyO5 in the photocatalytic process. The above
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results assumed that the efficient bactericidal activity of DUCN-500 was
mainly due to the generation of HyO5, and eO5 was a critical interme-
diate in the formation of H,0, as described in Egs. (1)—(3):

0, +e =05 (@)
-0, + ¢ +2H'—>H,0, 2)
0, +2¢” +2H"—=H,0, 3

As depicted in Fig. S9a-b, no DMPO--OH and TEMP-10,, signals for
DUCN-500 were obtained under dark conditions and light irradiation.
Notably, DUCN-500 exhibited the strongest signal intensity of DMPO-
-O3 and the highest concentration of -O; compared with BCN and PUCN
(Figs. 3b and S9c). Furthermore, DUCN-500 showed the highest HyO5
generation rate of 124 ymol g~ h™! (Fig. 3c), which was approximately
4.6 and 1.7 times higher than those of BCN and PUCN, respectively.
Fig. 3d shows the linear sweep voltammetry curves of DUCN-500, and
the electron transfer number of DUCN-500 was calculated to be 1.68
(inset of Fig. 3d), indicating that both indirect e~ and direct 2e™ transfer
pathways existed in oxygen reduction under the photocatalysis of
DUCN-500. Overall, the N defects can effectively separate charge car-
riers and adjust the reductive capability of CB to promote more gener-
ation of HyOs, thereby greatly enhancing the photocatalytic bactericidal
activity for DUCN-500.

Bacteria-photocatalyst contact

As shown in Fig. 4a, few bacteria adhered to the surface of BCN,
while most E. coli were captured by PUCN and DUCN-500 and tightly
adhered to their surface (Fig. 4b-c), which was mainly contributed by
the ultrathin nanostructure. Furthermore, the mechanism of interaction
between photocatalysts and bacteria was investigated by extended
Derjaguin-Landau-Verwey-Overbeek (XDLVO) theory. The hydrody-
namic diameter, zeta potential, contact angle and Hamaker constant of
the photocatalysts were listed in Table S6. The positive or negative
interaction energy indicated a repulsive or attractive force between
E. coli and the catalyst, respectively. Because the Lewis acid-base
interaction energy (Vap) was significantly lower than the van der
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Waals attraction (V) and the electrical double layer electrostatic
interaction energy (Vg), the total interaction energy (V1) was dominated
by Va and Vg. Fig. 4d illustrates that the V1 of BCN-E. coli system was
strongly affected by the electrostatic repulsive force, and the maximum
energy barrier was 21.6 KgT (h = 0.5 nm). Due to the high energy barrier
of BCN-E. coli system, the bacteria were difficult to adhere to the surfaces
of pristine bulk g-C3Ny. In contrast, the energy barrier was completely
screened by weakened electrical double layer compression for both
PUCN-E. coli and DUCN-500-E. coli system, and the corresponding en-
ergy barriers were —50.2 and —54.6 KT (Fig. 4e and f), respectively.
Such trends indicated that the bacterial cells might readily adhere to the
surface of g-C3N4 nanosheets, which was consistent with the scanning
electron microscopy (SEM) images. The XDLVO results further proved
that the construction of the ultrathin nanosheet structure greatly
weakened the energy barrier to promote the tight contact between the
bacteria and photocatalysts.

Bacterial inactivation mechanism

The E. coli showed a preserved and smooth cell membrane before the
photocatalytic treatment (Fig. 5b). During the photocatalytic inactiva-
tion process (Fig. 5c-e), the membrane surface of E. coli was seriously
deformed and ruptured with distinct holes, indicating that ROS could
cause serious damage to the membrane. The bacterial morphology im-
ages were in good agreement with the plate photographs of E. coli at the
different phases of the photocatalytic bactericidal process (Fig. 5a).

The intracellular relative ROS levels gradually increased with the
progression of the photocatalytic inactivation process (Fig. 5f), whereas
the enhancement of intracellular relative ROS levels was not observed
under the dark control. The above results confirmed that ROS could
continuously attack the bacteria and cause damage to the bacterial
antioxidative defense system. Superoxide dismutase (SOD) and CAT can
quench O3 and H30,, respectively, thus preventing the oxidative
damage of cells (Xiao et al., 2020). Insignificant activities of CAT and
SOD were observed under the dark control, while both CAT and SOD
activities were rapidly enhanced within the first 40 min under light
irradiation and then gradually reduced (Fig. 5g-h). With the accumu-
lation of ROS, CAT and SOD were greatly consumed, and the
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tocatalytic inactivation process.

antioxidative defense system of bacteria was destroyed, resulting in
massive inactivation of bacteria. In contrast to the dark control, the
contents of extracellular protein continuously increased during photo-
catalytic inactivation (Fig. 5i). This phenomenon proved that ROSs
effectively damaged the cell membrane and caused the leakage of
intracellular substances, thereby resulting in massive inactivation of
bacteria.

Conclusion

In this study, an outstanding bactericidal performance was achieved
using the nitrogen-defective porous ultrathin g-C3N4 nanosheet. The
construction of ultrathin nanosheet structures enhanced the bacterial
capturing capacity of g-C3Ny4, thereby enhancing the effective usage of
ROSs for photocatalytic bacterial inactivation. In addition, nitrogen
defects in the catalyst not only boosted the carrier separation and
accelerated the charge transportation, but also produce more -Oz and

H50,, hence improving the photocatalytic bactericidal performance.
The tight bacteria-photocatalyst contact and enhanced production of
ROS greatly strengthened the sterilization activity in actual water and
anti-interference capability of g-C3N4. Furthermore, the membrane
damage and leakage of protein were caused by the major ROS, resulting
in the death of bacteria. This work provides novel ideas to prepare low-
cost and efficient g-C3N4-based photocatalysts for bacterial inactivation.

Experimental methods
Synthesis of porous ultrathin and nitrogen-deficient g-C3Ny4

Bulk g-C3N4 was prepared by one-step thermal polymerization.
Briefly, 10 g melamine was heated at 550 °C for 4 h with a heating rate of
5°Cmin~! in a muffle furnace. The prepared powders were labeled BCN.

Porous ultrathin g-C3N4 nanosheets were synthesized via a facile
thermal exfoliation method. In brief, 1 g of BCN was placed in a crucible
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and calcined at 500 °C for 4 h with a heating rate of 5 °C min " under air
conditions. The obtained porous ultrathin g-C3N4 nanosheets were
represented as PUCN.

The defective ultrathin g-CsN4 nanosheets, named DUCN, were
fabricated with the following step. First, 0.5 g of the as-prepared PUCN
was further calcined at various temperatures between 400 and 600 °C
for 4 h under a nitrogen atmosphere with a heating rate of 5 °C min™.
For simplicity, these catalysts were denoted as DUCN-T, where T in-
dicates the carbonization temperature. The chemical details and char-
acterization of the prepared catalysts are described in the Supporting
Information.

Photocatalytic bacterial inactivation

E. coli and B. subtilis were used as the model bacteria of the gram-
negative strain and gram-positive strain, respectively. The bacteria
were incubated in 100 mL nutrient broth for 15 h at 37 °C and subse-
quently collected through centrifugation at 6000 rpm for 5 min. After-
wards, sterile buffer solution (8 g/L NaCl, 0.2 g/L KCl, 1.44 g/L
NapHPO4 and 0.24 g/L KHyPOy, initial pH 7.0) was used to wash the
bacterial pellets twice. 50 mg photocatalyst was dispersed in 50 mL of
bacterial solution (107 CFU/mL, initial pH of 7.0) and then stirred for 90
min at room temperature under simulated sunlight irradiation (with an
Air Mass 1.5 filter, Beijing China Education Au-light Co., China) at a
light intensity of 150 mW/cm? At various time intervals, 1 mL of the
sample suspension was collected and diluted with a sterile buffer solu-
tion. Finally, 100 pL of the diluted sample suspension was spread onto
nutrient agar plates and incubated at 37 °C for 24 h to count the number
of viable cells. For comparison, the light control groups were treated
under light irradiation only without catalysts, and the dark control
groups were treated in the dark with the catalyst. All photocatalytic
bactericidal experiments were carried out in triplicate. The ROS detec-
tion methods, reactivation experiments of bacteria after photocatalytic
sterilization, antioxidant enzyme activities tests, extracellular protein
quantification and intracellular ROS relative levels detection are pro-
vided in the Supporting Information. The interaction between g-C3N4
and E. coli was calculated by the extended XDLVO theory, which is
illustrated in the Supporting Information.

Reactivation experiments

The bacterial inactivation effect of photocatalytic sterilization was
assessed by the reactivation experiments using OD600 and plate culture
method (Wang et al., 2021; Zhang et al., 2015). In brief, the 100 pL
samples treated with photocatalytic sterilization and nutrient broth
were muddle in 96-well microplates via shaking at 37 °C. The absor-
bance at 600 wavelength was determined on a microplate reader
(Spectra Max M2e, Molecular Devices Co., USA). Besides, the 100 pL
samples treated with photocatalytic sterilization were incubated into 20
mL nutrient broth for one week at 37 °C. Atdays 1, 3, 5 and 7, 100 pL of
sample suspension was spread onto Nutrient Agar plates and incubated
at 37 °C for 24 h to count viable cell. 100 pL of sterile buffer solution and
100 pL nutrient broth were used as negative controls.

Photoelectrochemical measurements

3 mg of the as-prepared composites was dispersed in a mixture
containing 500 pL deionized water, 500 pL ethanol and 20 pL Nafion
solution (5 wt.%) via ultrasonic treatment for 30 min to achieve a ho-
mogeneous catalyst suspension. Afterward, the above suspension was
dropped onto the working electrode and dried to constitute a film. The
photoelectrochemical tests were performed on a CHI760E electro-
chemical workstation (Chenhua Co., China) in a three-electrode system
containing a working electrode, a platinum mesh counter electrode and
an Ag/AgCl reference electrode. The working electrode was fabricated
by coating photocatalysts on the F-doped SnO, (FTO) electrode (mass
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loading: 0.3 mg cm™2). A Xenon lamp (300 W) was applied as the light
source to irradiate the photocatalyst system. The transient photocurrent
response curves were tested in oxygen-saturated 0.5 M NaySO4 elec-
trolyte. The measurement details of the HyO2 concentration are pro-
vided in the Supporting Information. To evaluate the oxygen reduction
reaction (ORR) activity of catalysts, linear sweep voltammetry (LSV)
tests were conducted on a rotating disk electrode (RDE) with a glassy
carbon electrode as the working electrode. The homogeneous catalyst
suspension was added dropwise onto the glassy carbon electrode (mass
loading: 0.2 mg cm™2). The LSV curves were collected from —0.9 to 0.2
V (vs. Ag/AgCl) at a scan rate of 10 mV s~ ! with different rotation rates
from 250 to 1600 rpm in 0.5 M oxygen-saturated Na;SO4 solution. The n
in the ORR was achieved by Koutecky-Levich (K-L) equations (Zhong
et al., 2020):

111
777 B @
B = 0.62nFADY1 % C, (5)

where J and Ji indicate the current density and the kinetic current
density, respectively; w represents the electrode rotation rate; F is the
Faraday constant (96,485 C mol™1); A is the area of the glassy carbon
electrode; Dy indicates the diffusion coefficient of Oy (2.7 x 107> cm?
s’l); v indicates the kinetic viscosity of the solution (0.01 cm? s’l); and
Cy indicates the bulk concentration of oxygen (1.2 x 10~ mol L™1).
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