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Construction of Coz(PO,4),/g-C3N4 nanowire
composites to boost visible-light-
driven photocatalysis
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Co3(PO4)2/g-C3N4 nanowire composites are prepared by calcining a certain amount of melamine and
cobalt phosphate (CPO) nanowires at 550 °C in a nitrogen environment, forming a heterojunction
structure of Cosz(PO4), nanowires with a size of 10-20 nm embedded in g-C3N4 (CN) sheets. The
introduction of Coz(PO4), nanowires broadens the visible light absorption range of g-CsNy, increases
the specific surface area, and greatly enhances the transfer and separation of photogenerated charge
carriers. Under visible light irradiation, the hydrogen evolution rate of the 15CPO-CN photocatalyst
(10 mg) reached an optimal value of up to 29.31 pmol h™%, about 10 times that of pure CN (2.89 umol h™?)
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DOI: 10.1039/d3ya00253e and it showed enhanced antibacterial activity for removing E. coli as well. The synergic effect of the hetero-

junction between CPO nanowires and CN sheets accelerates the charge separation and transfer from CN to
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1. Introduction

Photocatalysts were widely used in solving environmental
pollution and energy shortage problems, such as photocatalytic
pollutant degradation, antibacterial activity and hydrogen
production.'™ As a new and promising photocatalyst, graphitic
carbon nitride (g-C3N,) has attracted extensive interest because
of its visible light response, excellent chemical stability and
easy preparation technique. Meanwhile, its appropriate electro-
nic band structure meets the prerequisites for hydrogen evolu-
tion and oxygen evolution in the water splitting process. Some
shortcomings limited its further application, such as the rapid
recombination of photogenerated electron/hole pairs and the
low visible light response. Various strategies were carried out to
improve the photocatalytic activity, including element doping,
nanostructure formation, and heterojunction construction.’™*>
Designing g-C;N, heterojunction composites by hybridizing
other semiconductors with appropriate conduction band and
valence band potentials remains a promising method to further
improve the photocatalytic activity.

Cobalt phosphate (Coz(PO,),) is a promising candidate
because of its economy, narrow band gap, strong visible light
capture ability, non-toxicity and environmental compatibility."***
More importantly, Coz(PO,), not only has an energy band
position suitable for overall water splitting, but also has a
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CPO, thus improving the photocatalytic activity.

matching energy level with g-C;N,, which makes it possible to
design Cos(PO,),/g-C3N, nanocomposites to achieve water split-
ting. Recently, Coz(PO,),/g-C3N, heterostructure photocatalysts
with 0D, 2D and 3D morphologies have been synthesized using
a photo-deposition method, demonstrating enhanced photo-
catalytic activity.””™° However, the roles of Cos(PO,), in the
heterojunction and band structure were not well understood.
The enhanced photocatalytic activity was credited to type II,
Z heterojunctions or carrier transfer relay. Even the band gap of
Co3(PO,), was measured to be different values in different
references, such as 2.32 eV in ref. 15 and 1.93 eV in ref. 19.
Further investigation is needed to provide detailed information
to understand its mechanism. On the other hand, 1D nano-
wires were found to exhibit great specific surface areas and
favor electron transfer, and 1D nanowire Co;(PO,), composites
have not been reported so far.””° We proposed a pathway to
construct Co;(PO,),/g-C3N, nanowire composites. Firstly,
Co;(PO,), nanowires were synthesized using a hydrothermal
method, then mixed with melamine, and calcined in a tubular
furnace. Finally Co;(PO,),/g-C3N, nanocomposite photocata-
lysts were successfully prepared with excellent photocatalytic
performance.

Herein, Co3(PO,),/g-CsN, nanocomposite photocatalysts
were prepared by calcining the mixture of Co;(PO,), nanowires
and melamine. Introducing Coz(PO,), nanowires into g-C3N,
sheets extended the visible light harvesting, increased the
specific surface area, and facilitated the separation and transfer
of photoinduced electron/hole pairs, resulting in Co;(PO,),/
g-C3N, composites with excellent photocatalytic performance.
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2. Experimental details
2.1.
All chemicals (AR grade), including melamine (99%),
Co(NO3),-6H,0 (99%), and (NH,),HPO, (98%), were purchased
from Sinopharm Chemical Reagent Co. Ltd and were used
without further purification.

Chemicals

2.2. Catalyst preparation

Co;3(P0O,), nanowires: 0.165 g Co(NOj3),-6H,O was fully dis-
solved in 50 mL deionized water by constant ultrasonic stirring,
marked as solution A. 0.05 g (NH,),HPO, was dissolved in
30 mL deionized water as solution B. Then, solution B was
injected into solution A dropwise using a microsyringe at room
temperature under ultrasonic stirring, and transferred into a
stainless steel autoclave, kept at 200 °C for 20 h. The precipitate
was centrifuged, washed and dried to collect Coz(PO,), nano-
wires, denoted as CPO.

Co3(P0O,),/g-C3N, composite: 2.0 g melamine and a certain
amount of CPO (5 wt%, 10 wt%, 15 wt%, and 20 wt% in the
ratio of CPO/melamine) were dissolved in 50 mL deionized
water under constant stirring, then dried at 75 °C overnight to
obtain the mixture powder. The powder was calcined at 550 °C
for 4 h at a rate of 5 °C min™" under a N, atmosphere to obtain
Co3(P0O,),/g-C3N, composites, denoted as CPO-CN. Pure g-C3N,
was obtained by calcining 5 g melamine at 550 °C for 4 h at a
rate of of 5 °C min~* under a N, atmosphere, denoted as CN.

2.2. Characterization

Catalysts were characterized using a scanning electron micro-
scope (FESEM, JSM-7800F), transmission electron microscope
(TEM, Zeiss Libra 200FE), X-ray diffraction (XRD, Shimadzu
XRD7000), Fourier transform infrared spectroscopy (FTIR,
Model Frontier), X-ray photoelectron spectroscopy (XPS, VG
ESCALAB 250Xi), UV-vis diffuse reflectance spectra (Agilent
Cary 5000 UV-vis NIR), photoluminescence (PL, Hitachi
F-7000 spectrophotometer), and N, adsorption-desorption
isotherms (Quadrasorbevo 2QDS-MP-30). The transient photo-
current response curve (I-t), Mott-Schottky curve, and electro-
chemical impedance spectroscopy (EIS) were performed using
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an AUTOLAB (model PGSTAT302N) electrochemical work-
station. A 500 W xenon lamp was used as the light source,
and 0.25 M Na,SO, solution as the electrolyte.

2.3. Photocatalytic hydrogen evolution

The photocatalytic hydrogen evolution test was carried out in a
photocatalysis evaluation system (Suncat Instrument, Beijing).
The 500 W Xe lamp (zolix, gloria-x500a) with an intensity of
110 mW cm™ > was used as the simulated solar light with a
wavelength A > 420 nm. The reactor was maintained at 20 °C
with an external circulation cooling system. 10 mg photocata-
lyst was dispersed in 30 mL aqueous solution with 17 vol%
triethanolamine (TEOA) as the sacrificing agent and 3 wt% Pt
ions (H,PtClg-H,0) as the co-catalyst. Before turning on the
light, the reactor is pumped to a high vacuum of 10~® torr, and
then filled with argon. Under the light irradiation process, the
reaction suspension is stirred continuously under magnetic
stirring. 1 mL of gas was extracted automatically from the
reactor at intervals of 30 min, and analyzed with a gas chro-
matograph (GC-2018, Shimadzu) with a TDX-01 molecular
sieve, thermal conductivity detector and Ar carrier gas.

2.4. Photocatalytic antibacterial activity

The antibacterial activity was determined by co-culture with
Escherichia coli (E. coli) with LB culture medium. 2 mL E. coli
stock solution and 10 mL LB culture medium were cultured
at 37 °C for 16 hours, and diluted with PBS to the bacterial
concentration of 10° CFU mL™". CN and 06NSG-CN aqueous
solutions with concentrations of 0.1 mg mL~"' were prepared
and irradiated with ultraviolet light on a sterile ultra clean table
for 30 min. Then 1 mL of the above-mentioned solution and
1 mL of 10° CFU mL ™" E. coli solution were mixed in a 24 well
plate as the experimental sample; a mixed solution of 1 mL PBS
and 1 mL 10° CFU mL " bacterial suspension was used as the
blank group. The above-mentioned samples were illuminated
for 20 min (500 W xenon lamp, 1 > 420 nm), and then placed
in an incubator at 37 °C for 4 h, and diluted with PBS 10>
times. 100 pL of the sample were spread evenly on LB solid
medium and cultured at 37 °C for 24 hours. The antibacterial
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Fig. 1 XRD patterns (a) and FTIR spectra (b) of WOz/g-C3sN4 nanocomposites.
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Fig. 2 Nitrogen adsorption—desorption isotherms (a) and pore size distributions (b) of CN and 15CPO-CN nanocomposites.

activity was determined using the plate counting method. For
comparison, three groups under the same conditions did not
undergo light treatment.

3. Results and discussion

XRD patterns in Fig. 1(a) show the evolution process of CPO-CN
with different amounts of CPO added, with CN and CPO as
references. There appears to be two characteristic diffraction
peaks for the CN sample, the peak at 20 = 13.1° is ascribed to
the (100) crystal plane between 3-s-triazine ring repeat unit
structures, and the peak at 27.3° to the (002) crystal plane with
the layer spacing of the aromatic ring plane structure.'”™’
In the CPO sample, all the diffraction peaks are consistent with
the characteristic crystal plane of CPO (JCPDS no. 41-0375).'®
For the CP-CN composites, the two diffraction peaks of g-C3N,
remain intact, and all the new characteristic peaks are com-
pletely consistent with that of CPO. With the increase of the
CPO addition from 5 wt% to 20 wt%, the intensity of the peaks
of CPO increases gradually, while that of CN decreases accord-
ingly. In addition, only peaks attributing to g-C;N, and CPO
appeared, indicating that the CPO-CN composites are in high
purity. The vibration mode of the chemical bond of the sample
was determined using a Fourier transform infrared analysis
spectrometer. FTIR spectra in Fig. 1(b) show that for CPO, the
vibration peak of 663 cm™' corresponds to the stretching
vibration of metal-oxygen-metal,'® peaks near 900-1150 cm ™"
correspond to the asymmetric stretching vibration of
phosphate,'® while the weak peak concentrated at 1680 cm ™,
the wide peaks near 3440 cm ', and the shoulder near
2900 cm ™' correspond to the bending vibration of H-O-H in
the interlayer water.?® In the CN and CP-CN samples, the peak
appeared at about 810 cm ™', which is attributed to the char-
acteristic vibration of the tri-s-triazine unit in CN. In addition,
the peaks in the 1200-1650 cm ™" region can be attributed to the
stretching vibration of C-N heterocycles in CN. The broad peak
near 3250 cm™ " is related to the tensile vibration of the N-Hx
group at the aromatic ring defect site. Another peak at about
3440 em™ " is attributed to the O-H stretching mode.”’>* XRD

© 2023 The Author(s). Published by the Royal Society of Chemistry

and FTIF results demonstrated that the main characteristic
peaks of CN and CPO appeared in the spectra of CP-CN,
indicating CPO-CN composites were successfully constructed.

The N, adsorption desorption isotherm curves of CN and
15CPO-CN samples are shown in Fig. 2(a). It can be clearly seen
that the area of the H3 hysteresis loop of 15CPO-CN increases
due to a large number of mesopores on the material
surface.*"** Fig. 2(b) shows the pore size distribution of the
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Fig. 3 SEM image of CPO (a). SEM images (b) and (c), HRTEM images (d)
and element mappings (e) of 15CPO-CN.
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material. The composite surface has more mesopores (1-6 nm),
which are typical small mesopores. In addition, the specific
surface areas of pure phase CN and 15CPO-CN are 63.1 m* g~ *
and 365.0 m*> g !, respectively, indicating that this special
composite structure can significantly increase the specific
surface area (about 6 times), so that the sample has more
surface active sites, which helps to improve the photocatalytic
performance.

The morphology and microstructure of the samples were
observed by FESEM and TEM. The SEM image in Fig. 3(a) shows
that CPO appeared as nanowires with widths of 10-20 nm
and lengths of several micrometers. The FESEM images of
Fig. 3(b and c) show that a large number of CPO nanowires
with a particle size of about 10-20 nm are embedded in the
nanosheet of g-C3N,. From the TEM image in Fig. 3(d), it can be
seen that Coz(PO,), is tightly attached to the surface of g-C3Ny,
indicating that good contact is formed between CPO and CN,
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reducing the interfacial transfer potential energy of photogen-
erated electrons.>**® At the same time, EDS was used to further
confirm the element composition in the sample, as shown in
Fig. 3(e), which verified the composition of heterojunction
elements in the CPO-CN composite, and successfully constructed
a 1D nanowire composite structured photocatalyst (Fig. 3).

XPS was carried out to further determine the chemical
composition and element state of the samples. The XPS survey
spectra in Fig. 4(a) show that the C 1s peak exists at 288 eV, the
N 1s peak at 398 eV, and the O 1s peak at 532 eV for CN; the Co
2p peak, O 1s and P 2p for CPO; and the small peaks of Co
2p and P 2p besides the C 1s, N 1s, and O 1s peaks for the
15CPO-CN composite, confirming that the composite photo-
catalyst was formed. The C 1s spectra in Fig. 4(b) show that
the peak at 284.5 eV is attributed to the graphitized C atom
(C-C, C=C) on the sample surface, the peak of 285.8 eV is
attributed to the intermediate product of C-NH, bonded on the
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Fig. 4 XPS survey spectra (a), and high-resolution spectra of C 1s (b), N 1s (c), O 1s (d), Co 2p (e), and P 2p (f) of CN, 15CPO-CN, and CPO.
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triazine ring, and the peak of 288.1 eV is attributed to the sp>
hybrid (C-N=C) in the aromatic C-N skeleton structure.*®>®
There exists only adsorbed carbon at 284.5 eV for CPO. The
intensity of the graphitized C increased drastically for 15CPO-
CN. The N 1s spectra in Fig. 4(c) shows that the main peak at
398.3 eV corresponds to the sp> hybrid N atom in C containing
a triazine ring (C-N=C), the peak at 399.4 eV is attributed to
the bridged N atom in N—(C)s, the peak at 400.6 eV represents
the ammonia group (N-Hx), and the peak at 404 eV is attributed to
the charging effect.>**° The O 1s spectra in Fig. 4(d) were fitted to
two peaks of 531.7 eV and 532.8 eV, corresponding to the adsorbed
—-OH group and O,. After the formation of the Cos(PO,),/g-CsN,
composite, a new peak of 530.2 eV appeared, which can be
attributed to the O 1s signal in the phosphate group. The Co 2p
spectra in Fig. 4(e) show that peaks at binding energies of 781.5 and
797.4 eV, correspond to Co 2pz, and Co 2p;,, respectively, and the
other two satellite peaks are located at 786.0 eV and 804.6 €V, which
proves that Co exists in Coz(PO,), as Co>".*' The P 2p spectra in
Fig. 4(f) exhibit peaks of P 2p,,, and P 2p;, located at 132.7 eV and
133.6 eV respectively, indicating that there is a phosphorus atom in
the phosphate group. Therefore, the above XPS results confirm that
Cos3(PO,), and g-C;N, exist simultaneously in the composite, which
further proves that Coz(PO,), and g-C;N, are successfully
compounded.

The light absorption property and electronic structure of the
CN and CPO-CN composites were characterized using UV-vis
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diffuse reflection and XPS valence band spectra. The UV-vis
absorption spectra in Fig. 5(a) indicate that the absorption edge
of CN is about 450 nm, while CPO has a main absorption peak
at about 510-550 nm. As compared with CN, the absorbance of
the CPO-CN composites increases significantly within the
visible light range of 500-700 nm with the increase of CPO
ratio, indicating that more electrons and holes can be gener-
ated to participate in the photocatalytic reaction. According to
Kubelka-Munk plots in Fig. 5(b), the band gaps of CN and CPO
can be calculated as 2.70 eV and 1.93 eV respectively. The band
gap for CPO is consistent with the reported value in ref. 19. The
band gap for CPO-CN nanocomposites is 2.65 eV, 2.63 eV,
2.60 eV, and 2.54 eV, for 05CPO-CN, 10CPO-CN, 15CPO-CN,
and 20CPO-CN, respectively.

In order to further understand the energy level arrangement
of the composite photocatalyst, the VB position of the photo-
catalysts was detected using XPS valence band (VB) spectro-
scopy. Fig. 5(c) presents that the VB positions (Eyg) vs. Fermi
level of CN, CPO, and 15CPO-CN are 1.89 eV, 1.39 eV, and
1.81 eV, respectively. The electrochemical energy potentials in
volts of CN and CPO are estimated to be 1.65 eV and 1.15 eV
(vs. NHE), respectively, by the formula Exyp/V = @ + VB —4.44,
according to the reference standard for which 0 V versus NHE
(reversible hydrogen electrode) equals —4.44 eV versus vacuum
level, and the work function @ of the analyzer is 4.20 eV. The
band gap values of CN and CPO are respectively 2.70 eV and
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Fig. 5 UV-visible diffuse reflectance spectra (a), corresponding Kubelka—Munk plots (b), XPS valence band spectra (c), and schematic band structure of

Co3(POy4)2/g-C3N4 nanocomposites.
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1.93 eV, obtained through the Kubelka-Munk function. The
conduction band (CB) potentials are —1.05 eV and —0.78 eV for
CN and CPO, respectively. The VB and CB potentials for
15CPO-CN are calculated to be 1.57 eV, and —1.03 €V in a
similar manner. The energy band diagram of the catalysts is
illustrated in Fig. 5(d). The CPO-CN composite constitutes a
type I heterojunction, in which the photogenerated electron
and hole in CN tend to be transferred to CPO nanowires, and
CPO acts as a mediator of electrons.

Fig. 6(a) depicts the instantaneous photocurrent response
curve (I-t) of all catalysts. After five cycles of light on-off, the
electrode performance is stable under light irradiation. The
photocurrent intensity of CPO-CN composites is improved by
varying degrees compared with that of pure CN, and the
15CPO-CN with the strongest photocurrent intensity. Fig. 6(b)
shows the photocurrent density-bias voltage curve (J-V) of the
catalysts. Under continuous bias voltage, all samples can
respond continuously and stably. The photocurrent density of
the CPO-CN composite samples is improved to varying degrees
compared with that of CN, and the photocurrent density of the
15CP-CN sample is the strongest. It demonstrates that the
composites of this heterojunction structure can generate more
photogenerated carriers under visible light and be effectively
separated, improving the utilization of visible light, and
improving the redox potential of CN,**° thereby improving
the visible light catalytic reaction performance of the samples.
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Fig. 6(c) shows the electrochemical impedance spectroscopy
(EIS) of all samples. The smaller arc radius represents the lower
charge transfer resistance. It is obvious that the composites
exhibit a smaller arc radius, and the 15CPO-CN heterostructure
has the smallest arc radius, showing excellent interfacial charge
transfer performance. Fig. 6(d) shows the photolumines-
cence spectra (PL) of all samples, which is used to study the
recombination of electron hole pairs of samples under light.
All samples were excited by the same light source (wavelength:
374 nm). Pure CN showed a strong intrinsic emission band,
which was attributed to direct intrinsic emission electron hole
recombination. With the addition of CPO, the PL strength of
CPO-CN composites decreased gradually, and 15CPO-CN
with the lowest intensity. The fluorescence quenching occurs
successively after the composite is formed, and the recombina-
tion rate of photogenerated carriers is lowered to improve the
photocatalytic activity.>”*° Photoelectrochemical measurements
verify that the separation and migration of photogenerated
carriers in the CPO-CN composites have been improved,
leading to the excellent photocatalytic performance.

The hydrogen evolution performance is shown in Fig. 7(a).
The hydrogen evolution rate of CPO is negligible, and CN is
2.89 umol h™'. The optimal hydrogen evolution rate of 15CPO-
CN reaches 29.31 pmol h™?, about 10.1 times that of CN. The
hydrogen evolution rate of the mixture of CPO&CN with
the same proportion is only 4.95 umol h™'. This proved that
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Fig. 6 Transient photocurrent response (a), photocurrent density—voltage curves (b), EIS (c), and PL (d) of CN and CPO-CN nanocomposites.
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composite formation contributed to the improved hydrogen
evolution rate. 15CPO-CN catalysts were tested for several
cycles under the same irradiation conditions. The stability of
the hydrogen evolution obtained is shown in Fig. 7(b). After
four cycles of testing, the photocatalytic activity has not shown
obvious changes, which proves that the photocatalytic perfor-
mance of the CPO-CN composite is stable and can be reused.

The photocatalytic antibacterial activity for removing E. coli
of CN and 15CP-CN composites was determined using a plate
counting method, as shown in Fig. 8. The blank group in
Fig. 8(a) is presented as a reference, and CN and 15CPO-CN
photocatalysts had little effect on the concentration of
Escherichia coli under dark conditions. However, upon visible
light irradiation, the antibacterial removal of CN and CPO was
significantly improved, as presented in Fig. 8§(b and c). The
concentration of E. coli bacteria in the 15CP-CN composite
group was significantly reduced. The antibacterial rate was
95.1% higher than that in the CN group; compared with the
blank group, the antibacterial rate reached 97.3%.

Fig. 9 shows the EPR spectrum of 15CPO-CN using 5,5-
dimethyl-1-pyrroline N-oxide (DMPO) as the active capture

(a) blank (b) CN (c) 15CPO-CN

AR K

dark

light

Fig. 8 The number of E. coli colonies under dark and visible light irradia-
tion of CN and 15CPO-CN. Dark is the treatment without light irradiation,
and the blank is the reference.

© 2023 The Author(s). Published by the Royal Society of Chemistry

agent to detect free radicals under visible light irradiation.
In the dark state, there are no characteristic peaks of DMPO
*0,” (superoxide radical) and DMPO °*OH (hydroxyl radical).
DMPO °0O,  and DMPO °*OH characteristic peaks were pro-
duced under visible light irradiation, indicating that the *OH
active group was produced by the interaction of photogenerated
electrons and holes. The EPR experiment shows that hydroxyl
radical (*OH) and superoxide radical *O,~ are the main active
oxygen species (ROS) involved in photocatalysis. Reactive oxy-
gen species (ROS) are produced by the interaction of photo-
induced charge carriers with H,O and O, adsorbed on the
catalyst surface. Under visible light irradiation, photogenerated
electrons are captured by O, to form *O, ™ and react with water
to form *OH. Under visible light, CN and 15CP-CN produce
the photogenerated electron/hole pairs, further generating
superoxide *0O,  and superoxyl *OH species, ultimately inacti-
vating the Escherichia coli, and achieving the antibacterial

purpose.**™>°
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=
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Fig. 9 EPR spectra of 15CPO—-CN in a methanol dispersion for superoxide
(*O,7) and an aqueous solution for hydroxyl radical (*OH) under visible
light irradiation.
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Taking the above characterization results into considera-
tion, the photocatalytic mechanism of CPO-CN composites was
proposed. CPO-CN composites constituted a type I heterojunc-
tion. The electrons in the VB of CPO and CN were excited to the
CB, leaving holes in the VB. The CB electrons of CN transferred
quickly to the CB of CPO to generate H, from H" in water.>® The
synergistic effect between Coj(PO,), and g-C3N, boosted the
light harvesting in an extended visible light range, and effec-
tively inhibited the recombination of photogenerated electron/
hole pairs. In addition, the 1D nanowire heterostructure
increased the interfacial contact area to realize rapid interfacial
charge separation. On the other hand, 15CPO-CN generates
photogenerated electron/hole pairs, which in turn generates a
superoxide radical (*O, ™) and hydroxyl radical (*OH). These free
radicals destroy the cell membrane of E. coli through photo-
catalytic oxidation, inactivating E. coli to achieve the anti-
bacterial purpose.

4. Conclusions

In summary, we have successfully prepared Coz(PO,),/g-C3N,
nanowire composites by calcining melamine and Coz(PO,),
nanowires, in which a certain amount of Co3(PO,), nano-
wires is embedded on the matrix of g-C;N, sheets. The
optimal photocatalytic hydrogen rate of 15CPO-CN reached
29.31 pmol h™', much higher than that of CN (2.89 pmol h™*)
and CPO, and it showed enhanced antibacterial activity for
removing E. coli as well. The configuration of the 1D/2D hybrid
heterojunction increased the specific surface area to provide
more reactive sites, extended the visible light absorption range,
and promoted interfacial charge transfer and separation. This
work provides a prospective way to design a composite photo-
catalyst with enhanced photocatalytic hydrogen production and
photocatalytic oxidation of bacteria.
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