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Abstract

A novel 2D/2D g-C;N,/BiOCI (CN/BOC) heterojunction photocatalyst was synthesized by grinding appropri-

ate amounts of CN, Bi(NO5)5-5H,0, glacial acetic acid and KCl at room temperature. The porous CN nanosheets

not only facilitate the in situ nucleation and growth of BOC to form thin nanosheets and constitute an intimate con-
tact interface, but also introduce more oxygen vacancies (OVs) in the grinding process. The 2D/2D CN/BOC hetero-
junction had a good interface and generates a built-in electric field, which can improve the separation of e~ and h*.
The synergistic effect of the heterostructure and OVs made the photocatalyst have significantly better performance
than CN and BOC alone under visible light. The most efficient CN/BOC-5 could achieve a tetracycline (TC) degradation
rate of 89.8% within 2 h, which was 1.9 and 1.2 times faster than CN and BOC, respectively. It catalyzed the reduction
of CO, to CO atarate of 2.00umolh™'g™', 1.1 and 3.2 times faster than CN and BOC, respectively. The mechanism

for the photocatalysis of CN/BOC-5 was revealed. It was confirmed that the efficiency of photo-induced carrier separa-
tion and visible-light photo-absorption were both considerably increased by the synergistic interaction between OVs
and 2D/2D heterojunction. This research may open up new possibilities for the logical design of efficient photocata-
lysts through combining 2D/2D heterojunctions with OVs for environmental remediation.

Highlights

-Grinding synthesis of 2D/2D BiOCl/g-C;N, heterostructure with oxygen vacancies (OVs).
-The synergistic effect of heterostructure and OVs enabled excellent photoactivity.
-Efficient photocatalytic degradation of organic pollutants and reduction of CO,.
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1 Introduction

Most environmental contaminations may be removed
using semiconductor photocatalysis, which is considered
to be efficient and environmentally sustainable (Chen
et al. 2021; Ong et al. 2016). Due to their big specific
surface area and distinctive structural properties, two-
dimensional (2D) nanosheets have emerged as a novel
class of photocatalysts (Chen et al. 2021). The significant
two-dimensional anisotropy will lead to the exposure of
a large part of internal atoms and will inevitably produce
a variety of defects, which can increase light absorption
and active sites for photocatalytic reactions (Wang et al.
2018). In particular, the development of efficient and
environmentally friendly visible light-driven two-dimen-
sional structure heterojunction materials is considered a
potential opportunity to produce very effective photocat-
alysts (Hu et al. 2019; Shi et al. 2021).

Graphitic carbon nitride (CN) has gained increasing
interest as photocatalysts owing to its promising lay-
ered structure, visible-light response and narrow band
gap (2.7eV) (Wang et al. 2022a, 2022b, 2022c). However,
because of rapid charge recombination and a deficiency
in mass diffusion of bulk CN, its photocatalytic perfor-
mance is far from satisfactory (Ling et al. 2012). Many
strategies have been adopted to overcome these short-
comings, for example, exfoliating bulk CN into nanosheet
CN can increase specific surface area, enhance electron
transfer capability in the in-plane direction, and increase
the photo-generated charge carriers’ lifetime (Ling et al.
2012; Zhu et al. 2021; Xu et al. 2022). In general, the con-
struction of heterojunction interfaces between semicon-
ductors with matched band structures has been an ideal
strategy to promote photogenerated charge migration
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and separation and enhance the photocatalytic activity
and stability (Zhu et al. 2022a; Zhu et al. 2022b). Further-
more, when CN ultrathin nanosheets combine with other
layered structure semiconductors (e.g., halogen bismuth
oxide) to form 2D/2D heterostructures, their face-to-
face interactions will produce a considerable interfacial
region, resulting in improved photocatalytic properties
(Ong et al. 2016; Wang et al. 2018; Hu et al. 2019).
Bismuth halides have been intensively investigated
because of their non-toxic nature, indirect-band gap tran-
sition, and open crystalline layered structure (Hou et al.
2019; Wei et al. 2022; Chen et al. 2022a, 2022b). With two
layers of chloride ions sandwiching two [Bi,O,]*" layers,
the BiOCl (BOC) must have an accessible layered struc-
ture that provides a sizable space for the polarization of
the associated atoms and orbitals. Furthermore, it sup-
pressed the photo-induced electron-hole pair recombi-
nation (Wei et al. 2022). Nevertheless, BOC can only be
used under UV irradiation due to its large bandgap width,
resulting in poor photocatalytic performance under vis-
ible light. To date, many methodologies have been used
to modify BOC, such as structural control (Hou et al.
2019), introducing oxygen vacancy (Wei et al. 2022;
Chen et al. 2022a, 2022b), introduction of specific crys-
tal faces (Li et al. 2022a, 2022b, 2022c), and heterologous
hybridization (Hou et al. 2020a, 2020b; Zhou et al. 2021;
Zhang et al. 2021a, 2021b, 2021¢; Cao et al. 2022; Zhao
et al. 2021). Recently, Bi/BiOCl/Bi,O,CO; heterojunc-
tion material was synthesized using high-temperature
hydrothermal method by Wang et al. (Wang et al. 2022a,
2022b, 2022c), which had higher photocatalytic activity
for RhB photodegradation under visible light. However,
its photocatalytic activity for the degradation of colorless
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non-dye organic contaminants and the reduction of car-
bon dioxide were still unsatisfactory (Wang et al. 2022a,
2022b, 2022c). So, it is highly attractive to fabricate a
novel 2D structure using BOC and a narrow band gap
semiconductor, for further enhancing the visible-light
photocatalytic performance of BOC (Zhang et al. 2021a,
2021b, 2021c). However, construction of 2D/2D hetero-
structure with efficient photocatalytic activity via green
and easy methods remains a challenge.

Herein, employing a simple grinding technique as
shown in Fig. 1, we have created oxygen vacancy CN-BOC
heterostructure nanosheets with high visible-light-driven
photocatalytic activity. The 2D/2D heterostructures with
small thickness have an intimate surface to interact with
reactants. It also reduces the transfer route of photo-gen-
erated charge carriers and realizes a higher electron-hole
pair separation rate (Ling et al. 2012; Zhu et al. 2021).
Improved electron-hole separation efficiency and opti-
cal absorption can lead towards the higher visible-light
photocatalytic efficiency due to the collective effect of
both oxygen vacancies (OVs) and heterojunction in CN-
BOC nanosheets. The photocatalytic performances of
all composites were tested by the degradation of rhoda-
mine B (RhB), which is a common dye and widely applied
in industry. In addition, tetracycline, as the most com-
mon antibiotic contaminant, is also used as a degrada-
tion target to determine the photocatalytic performance
of composite materials. The photocatalytic performance
of 2D/2D CN-BOC heterostructures in the degradation
of tetracycline (TC) and rhodamine B (RhB) as well as
the reduction of CO, was significantly superior to that of
single CN and BOC. This work will provide a simple and
green method to develop oxygen vacancy-rich 2D/2D het-
erostructures for improving photo-generated charge car-
riers’ separation for efficient photocatalytic activity.

2 Experimental section

2.1 Material synthesis

2.1.1 Preparation of CN (g-C;N,) nanosheets

After proper mass ratio of thiourea and dicyandiamide
was mixed and heated at 550°C for 2hours (the heating
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rate was 5°Cmin~"), the obtained yellow bulk g-C,;N,
sample (20g) was fed into a tubular furnace via N, car-
rier gas in 8% ethanol solution and heated at 500°C for
2hours (5°Cmin!), washed, dried and ground.

2.1.2 Preparation of BiOCI (BOC)

Twenty mmol Bi(NO;);-5H,0, 0.4mL glacial acetic acid
and 20mmol KCl were ground for 3 minutes, washed
three times with pure water, and dried at 60°C.

2.1.3 Preparation of CN/BiOCI-X photocatalyst

Different mass ratios of CN (0.2, 0.5, 1.0g), 20mmol
Bi(NOs);-5H,0, 0.4mL glacial acetic acid and 20 mmol
KCl were ground for 3 minutes and then washed three
times with pure water. Finally, the composite products
were dried at 60°C, and named CN/BOC-2, CN/BOC-5,
CN/BOC-10, respectively.

2.2 Photocatalytic tests

2.2.1 Photocatalytic organic pollutant degradation tests

The Xenon lamp (power=500W, and wavelength
(A\)>420nm optical filter) was used as a visible light
simulator. The Rhodamine B (RhB, 10mgL~!) and Tet-
racycline (TC, 10mgL™") were taken as simulated con-
taminants. Twentymg of the synthesized material was
mixed with 50ml of the contaminants’ aqueous solution
and stirred in the dark for 2h to reach an adsorption-
desorption equilibrium. Lastly, samples were then taken
every 30min in the light. Each degradation experiment
was repeated three times. The average result of the three
repeated trials was used as the final result, and the esti-
mated error was signified by the error bar in the figures.

2.2.2 Photocatalytic CO, reduction by gas-solid method

A Pyrex quartz reactor in a closed circular system was
used for photocatalytic carbon dioxide reduction experi-
ments. A xenon lamp with a power of 300W (CEL-
HXF300, China Education Au-light, Beijing) was used
as the visible energy source. The 20mg of photocatalyst
material was evenly distributed on the quartz reaction
stage, and 1 mL of deionized water was inoculated into
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Fig. 1 Synthesis processes of 2D/2D g-C3N,/BiOCI heterostructure materials
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the reaction system as the electron donor. The reaction
system was vacuumed several times, and carbon dioxide
gas with a purity of 99.999% was added to the reaction
system until the pressure reached 0.08 MPa. In order to
ensure that the gas molecules were fully adsorbed, the
wind heat pump was used to disperse the gas evenly and
keep it for 1 hour. An automatic gas chromatograph (Bei-
jing China Education Au-light Technology CO., LTD.,,
FID2 detector, argon as carrier gas) was used to detect
gas products.

2.2.3 Active species experiments

The BQ (I1mmolL™}!) and EDTA-2Na (1 mmolL™!) were
added into the reaction solution for capturing photogen-
erated charge carriers such as peroxyl radicals (sO,7), h¥,
and hydroxyl radicals (¢OH), respectively. The other pro-
cedures and operations were similar to the above pho-
tocatalytic measurements. Fivemg samples were evenly
added into 50mmolL~! DMPO - +«OH or DMPO-+0,"
for spin-trapping ESR spectra of CN/BOC-5, respectively.

3 Results and discussion

3.1 Characterization

Figure 2a shows that g-C;N, (CN) has two characteristic
peaks at 13.1° and 27.4°, which are crystal plane (100) and
crystal plane (002), respectively (Dou et al. 2022). The
peaks displayed by BOC at 26=12.0, 24.2, 25.9, 32.6, 33.6,
46.8 and 54.1° in turn agreed with the (001), (002), (101),
(110), (102), and (200) crystal planes of BiOCI (Hou et al.
2019). All the diffraction peaks were consistent with the
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standard card of BiOCl (JCPDS No.06-0249), indicat-
ing that BiOCI can be successfully prepared by the solid
grinding method. Only one peak of CN appeared in the
XRD patterns of the CN/BOC-X composite, which may
be attributed to the weak diffraction intensity of CN and
its low content, indicating that the presence of CN did
not affect the formation of BiOCI in the grinding pro-
cess. According to the FT-IR spectrum shown in Fig. 2b,
some absorption bands of the CN sample can be seen in
the range of 1636-1244cm™, which may be accredited
to the characteristic stretching vibration mode of the
C=N heterocycle of g-C;N, (Wu et al. 2021). In addition,
a characteristic peak of CN was also found at 816cm™,
which was considered to be the out-of-plane respira-
tory vibration peak of the 3-S-triazine unit (Hou et al
2022). The peak at 521 cm ™' was caused by the extended
vibration of BI-O in BiOCIl, and the peaks at 1632cm™!
and 3436cm™! were related to the extended vibration
modes of adsorbed water molecules and surface hydroxyl
groups, respectively (Hou et al. 2021a, 2021b). The above
XRD and FT-IR results show that the CN/BOC-X com-
posite was composed of CN and BiOCl.

The absorption edges of pure CN were at approximately
485nm (Fig. 2c). BOC displayed an absorption edge of
about 375nm, but it demonstrated an absorption tail
expanding to the visible region, indicating the existence
of OVs (Li et al. 2022a, 2022b, 2022c). Compared with
BOC, the light absorption wavelength of the CN/BOC
composites gradually redshifted and their band gaps also
gradually decreased with the increase in CN content in
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Fig. S1. Because the CN/BOC composites have a het-
erojunction structure, they have light absorption ability
in the visible light range. Figure 2d shows that CN had
the strongest PL intensity, while all CN/BOC-X showed
a significant decrease in PL intensity and CN/BOC-5 had
the lowest value, indicating that after heterojunctions
were formed between CN and BOC, and light-generated
charge carriers were effectively separated (Chen et al.
2020). Under the same conditions, there was only a weak
PL peak of BOC at 612nm due to the OVs. Based on N,
adsorption—desorption isotherms (Fig. 2e), all synthetic
materials show typical IV adsorption—desorption iso-
therms (Hou et al. 2020a, 2020b). CN not only had the
highest adsorption volume, but also had a significant
hysteresis loop, indicating that it has a larger specific sur-
face area with a rich mesoporous structure. Conversely,
the BOC had the lowest adsorption volume among all
samples. With the increase of BiOCl in CN/BOC-X,
the adsorption amount of N, decreased gradually and
hysteresis loops became inconspicuous, which may be
attributed to the fact that BiOCI nanoparticles filled the
mesoporous pores of CN. Experimental results showed
that the specific surface areas of CN, CN/BOC-2, CN/
BOC-5, CN/BOC-10, and BOC were 20.5, 11.3, 8.1, 5.7,
and 1.7m*g "}, respectively. Figure 2f shows that CN and
CN/BOC-X had micropores in the range of 1.2-2.0nm,
and the porosity gradually decreased with the increase
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of BOC. Moreover, with the increase of BOC, the mini-
mum mesopore in CN/BOC-X also increased from 7.1 to
9.8 nm. The pure BOC had no micropores and only had a
pore size greater than 12nm. These results indicate that
the BOC may enter the porous CN and form an intimate
contact heterogeneous interface. The CN/BOC-X with
sufficient pore distribution can enable efficient molecular
and ion transport for photocatalytic reactions (Hou et al.
2021a, 2021b).

The full survey XPS spectra in Fig. 3a showed the exist-
ence of C, N, Bi, O, and C in CN/BOC-5. In Fig. 3b, the
main peak of CN/BOC-5 at 288.2€V can be attributed to
the N-C=N bond (Yang et al. 2021) of CN, while the C
peak at 284.7 eV may come from the adsorption of impu-
rity carbon by BOC (Shi et al. 2022). It can be seen from
Fig. 3c that there are four peaks in the N 1S spectrum
of CN at 398.7, 400.1, 401.2, and 404.5eV, which repre-
sent the N in C-N=C, C-N-H, N-(C),, and m-excitation,
respectively (Shi et al. 2022). After combination with
BOC, the binding energy of the N element shifted to a
higher position by 0.1-0.2eV, which may be attributed
to the adsorption of Bi** by lone pair electrons in nitro-
gen (Yang et al. 2021). As can be viewed from Fig. 3d-
f, the binding energies of Bi, O, and Cl main peaks all
decreased by 0.1eV in CN/BOC-5 nanosheets com-
pared with pure BOC. However, oxygen vacancies (OVs)
appeared at 531.5€eV in the composite materials, the peak
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value increased and moved to the lower energy level by
0.3eV (Wu et al. 2024). The above XPS results indicate
that heterojunctions were formed in CN/BOC-5 through
the strong interaction between CN and BOC (Zhao et al.
2022).

Figure 4a and Fig. 4d show that CN is a typical aggre-
gated lamellar structure. The SEM (Fig. 4b, e) images of
pure BOC show the extremely smooth surface and thick
lamelae of BOC crystals. However, when BOC was syn-
thesized in the presence of CN nanosheets, the lamel-
lar thickness was significantly thinner, resulting in the
formation of a 2D/2D thinner sheet structure of BOC/
CN nanocomposites (Fig. 4c, f). Compared with CN
in Fig. 4c, it is confirmed that BOC nanosheets were
deposited uniformly on the surface of CN nanosheets
of BOC/CN (Fig. 4f), and the original shape of CN was
not obviously changed. According to Fig. 4g, CN/BOC
showed a good contact interface between CN and BOC,
and the lattice spacings of about 0.28nm and 0.34nm
corresponded to (110) and (101) crystal planes of BOC,
respectively (Wang et al. 2021). In addition, some lat-
tice defects (marked by blue ovals) can be clearly seen,
which may be caused by the existence of oxygen vacan-
cies or defects on the crystal surface (Zhang et al. 2021a,
2021b, 2021c). The EDX elemental mapping (Fig. 4h-m)
indicated that Bi and Cl had the same shape and dis-
tribution, which overlapped with a part of the map-
ping images of C, N and O. This further confirms the
formation of BOC/CN heterojunction. The possible
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mechanism is that N atoms in porous g-C;N, nanosheets
may coordinate with Bi** ions (Chen et al. 2020), and
then BOC grows in situ on the surface or in the porous
channel structure of g-C;N,,. Finally, the gradually grow-
ing BOC’s small-sized nanoparticles form the structure
of nanosheets. These results also indicated that CN
and BOC were successfully coupled and formed a good
contact interface. The 2D/2D structure of the CN/BOC
heterojunction has a good interface and generates an
induced electric field, which can promote the e” and h
separation (Wang et al. 2018; Zhang et al. 2021a, 2021b,
2021¢; Li et al. 2022a, 2022b, 2022¢; Chen et al. 2020).

3.2 Photocatalytic performance

The degradation of tetracycline by the prepared catalysts
is shown in Fig. 5a. Before light irradiation, dark adsorp-
tion for 60 min made the catalysts get into the adsorption
equilibrium state. The TC adsorption capacity of pure
BOC was greater than that of CN. It may be attributed
to the hydroxyl functional group of BOC'’s interaction
with these oxygen-containing groups in TC via hydro-
gen bonding (Guo et al. 2020; Dai et al. 2021). For CN/
BOC-X composites, their TC adsorption amounts were
obviously higher than pure CN and BOC. After visible
light exposure for 120 min, the elimination rate of TC by
CN/BOC-X was higher than that by CN and BOC alone.
For example, the TC degradation rates of CN/BOC-2,
CN/BOC-5, and CN/BOC-10 reached 78.3, 89.8, and
86.2%, respectively, which were obviously higher than

Fig.4 SEM images of (a) CN, (b) BOC, and (c) CN/BOC-5; TEM images of (d) CN, (e) BOC, and (f) CN/BOC-5; (g) HRTEM image of CN/BOC-5, (h-m)

STEM, and elemental mapping images of CN/BOC-5
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those of single CN (47.1%) and BOC (73.1%), respec-
tively. In addition, the optimal degradation rate of CN/
BOC-5 (0.0193min™"') was 4.6 and 1.5 times higher than
that of single CN (0.0042 min~!) and BOC (0.0130 min™),
respectively (Fig. 5b). The reason may be that, compared
with the single photocatalyst, CN/BOC-5 with 2D/2D
heterostructure and oxygen-rich vacancies can enhance
the space charge separation at the interface and improve
the photocatalysis activity (Wang et al. 2018; Zhu et al.
2021; Hou et al. 2021a, 2021b).

In addition, the degradation of RhB also showed that
the optimal CN/BOC-5 can catalyze the photo-degra-
dation of 88% RhB after 60 min, much higher than 15%
of CN and 67% of BOC (Fig. S1a). The absorption spec-
tra of RhB solution during degradation were measured
using UV-Vis spectrometer (Fig. S5). As can be seen from
Fig. S5, CN/BOC-5 adsorbed 12% of RhB under 1 hour
darkness and showed excellent catalytic activity in the

degradation of RhB under visible light irradiation. The
RhB degradation reaction rate constant of CN/BOC-5
was 0.0295min~!, which was 18.4 times that of CN
(0.0016 min~) and 1.8 times that of BOC (0.0162 min™).
Cycling performance is an important index to evaluate
the stability of a photocatalyst. As shown in Fig. S4, CN/
BOC-5 can keep high catalytic performance over 5 cycles
of photocatalytic degradation of RhB. Compared with the
first cycle, the degradation rate of RhB in the fifth cycle
only decreased by about 10%. This may be due to the loss
of CN/BOC-5 photocatalyst during its recovery after the
cycling tests. In conclusion, CN/BOC-5 had excellent
photocatalytic performance in the degradation of various
organic pollutants.

As shown in Fig. 5¢, d, the samples were also tested
for photocatalytic CO, reduction by the gas-solid
method. After 7hours of light exposure, 2D/2D CN/
BOC-5 heterostructure had the highest yield of CO
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(2.00pumolh™'g™!), which was 1.3 times that of single
CN (1.49pumolh™'g™) and 3.8 times that of single BOC
(0.53umolh™'g™!). Thus, the CO generation rate was
significantly increased after CN and BOC combina-
tion, indicating that 2D/2D interface plays a significant
part in CO, transformation (Zhu et al. 2021; Hou et al.
2021a, 2021b). Furthermore, the activity of CN/BOC-5
in photocatalytic organic pollutant degradation and car-
bon dioxide reduction is comparable or superior to those
of BiOCl (Zhou et al. 2021), porous g-C;N, (Tang et al.
2022), and even BiOCl-g-C;N, composite (Zhang et al.
2019), etc., as listed in Tables S2 and S3.

3.3 Mechanism

The 2D/2D CN/BOC heterojunction materials show
excellent photocatalytic activity, and the involved mecha-
nism needs to be further explored. Figure 6a shows that
the EIS radius of the CN/BOC-5 composite is the small-
est, indicating that its charge transfer resistance is the
smallest. The excellent interfacial transfer efficiency of
CN/BOC-5 will improve the separation efficiency of
e -h™ pairs (Hou et al. 2022). The calculation of equiva-
lent series resistance (ESR) is shown in Fig. S6. It is evi-
dent from Table S1 that CN/BOC-5 and CN/BOC-10 had
a similar ESR, but it was much lower than that of pure
CN, pure BOC and CN/BOC-2. The Rct of pure BOC
and CN were in turn 3.7 and 1.5 times that of CN/BOC-
5, indicating that CN/BOC-5 had better electron diffu-
sion pathways. Figure 6b shows that all samples showed
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stable transient photo-current response characteristics,
and the photo-current density of the CN/BOC-X hetero-
junction materials was higher than that of single CN and
BOC. The photo-current density of CN/BOC-5 was the
most significant, which indicates that appropriate het-
erojunction composition has a positive effect on further
improving the photocatalytic activity. According to the
direct electron paramagnetic resonance (EPR) test results
in Fig. 6c, the peak at g=2.003 became more intense with
the coupling BOC with CN, which proved the presence
of oxygen vacancies in the CN/BOC-X (Li et al. 20224,
2022b, 2022c¢). This is consistent with the results of
HRTEM and XPS. A new defect level was added by intro-
ducing OVs, which led to the enhanced photo-absorption
efficiency (Chen et al. 2022a, 2022b). The surface OVs
can act as electron trapping sites and inhibit the recom-
bination of e™-h*, thus playing an important role in the
charge transfer process of the CN/BOC heterostructure
(Li et al. 2022a, 2022b, 2022c).

As shown in Fig. 6d, with the addition of BQ or EDTA-
2NA, the photocatalytic activity of CN/BOC-5 decreased
significantly, indicating that «O,” and h* played signifi-
cant roles in the photocatalytic reactions (Ji et al. 2023;
Liu et al. 2022). Nevertheless, the addition of IPA had
a moderate influence on the photocatalytic efficiency,
indicating that the production of «OH radical is not suf-
ficient. Furthermore, when DMPO was used as a spin
capture agent, the characteristic ESR signal peaks of «OH
radical and «O,~ free radicals were detected (Fig. 6e, f).
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Fig. 6 (a) EIS, (b) photocurrent responses curves, (€) EPR spectra of prepared samples, (d) free radical capture experiment results, (e) ESR signals

of DMPO-+OH, (f) ESR signals of DMPO--O,~ for CN/BOC-5
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Therefore, the synergistic effect of CN/BOC heterojunc-
tion materials can produce both «OH and «O,~, which
greatly improves the photocatalytic efficiency.

The valence band (VB) and conduction band (CB)
potentials of g-C;N, and BiOCl were calculated as
follows:

Ecp =X — Ec — 0.5E, (1)

Eyp = Ecp + Eg )

Where X (absolute electronegativity) of g-C;N, is
4.73eV (Wu et al. 2022), X of BiOCl is 6.36eV (Zhou
et al. 2021), E, is the energy of free electrons on the
hydrogen scale (4.5eV), and E, is 2.3eV for CN and
3.2eV for BOC (Fig. S1). The calculated E-y and Eyy
were —0.97 and 1.33eV for g-C;N,, 0.26 and 3.46¢eV for
BiOCl, respectively. CN has an appropriate bandgap
and can be excited by visible light. Meanwhile, because
the defect levels caused by OVs can cause visible-light
excitation of BOC, BOC could also be photoexcited
to produce e~ and h* (Li et al. 2022a, 2022b, 2022c).
According to the conduction band (VB) potential of
CN and the valence band (VB) potential of BOC, «O,~
(0,/+0,7, —=0.33V vs. NHE) and +OH/OH™ (1.99eV
vs. NHE) can be generated, which was also confirmed
by the above-mentioned trapping experiments and ESR
tests (Hou et al. 2019). In the process of photo-reduc-
ing reaction of CO,, the edge potential of CB of CN
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is less than the standard redox potential of CO,/CO
(—0.53¢eV). The potential difference is sufficient for the
thermodynamic conditions (Dou et al. 2022). The pos-
sible mechanism is shown in Fig. 7. In the Z-scheme
structure, the electrons on CB of BOC and holes on VB
of CN are combined, whereas the holes on VB of BOC
and electrons on CB of BOB are retained, thus main-
taining the higher oxidation and reduction ability of
the composite photocatalyst. Therefore, the electrons
in the CB of CN may contribute electrons to oxygen to
generate +O,” radicals, whereas the holes in the VB of
BOC will further generate +OH radicals, which is jus-
tified by the test results as shown in Fig. 5d, f. In par-
ticular, the electronic structure of BOC is affected by its
surface OVs and a new defect energy level is formed (Li
et al. 2022a, 2022b, 2022c), which may render photo-
electrons to transfer to OVs. As a result, OVs serve as
e -traps and slow down the recombination of e™-h *
pairs, which results in the increased lifetime of photo-
induced carriers (Chen et al. 2022a, 2022b; Wu et al.
2022; Chen et al. 2022a, 2022b). In addition, CN/BOC
heterojunction forms a strong built-in electric field at
the 2D/2D interface, which is favorable to the efficient
separation of photogenerated electron-hole pairs (Hou
et al. 2021a, 2021b; Li et al. 2022a, 2022b, 2022c; Chen
et al. 2020; Hou et al. 2021a, 2021b). Therefore, the
obtained CN/BOC-OVs heterojunction with a 2D/2D
structure is endowed with synergistic effects (Wang
et al. 2022a, 2022b, 2022c; Perumal et al. 2023), which
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can significantly improve the photocatalytic oxidation/
reduction performance. It is superior to some other
g-C;N,, BiOCl, and heterojunction photocatalysts (as
shown in Table S2 and S3).

4 Conclusion

CN/BOC heterojunction photocatalyst with a 2D/2D
structure was prepared by a one-step grinding method.
This solid-phase reaction introduced abundant OVs in
the CN/BOC heterojunction, which could increase the
visible-light absorption. The 2D/2D structure enhances
bonding at the heterojunction interface and generates
an induced internal electric field, which can improve
the e” and h* separation. The photoluminescence and
transient photocurrent measurements showed that
the recombination of photo-generated carriers is sup-
pressed due to heterojunction. In addition, free radi-
cal capture and spin capture ESR spectra confirmed
that «O,~ «OH and h" participate in the degradation
reactions of organic contaminants. The interfacial OVs
could provide more photo-generated charge carriers
to contribute to the CO, reduction reaction. The syn-
ergistic effect of the heterostructure and OVs makes
the CN/BOC photocatalyst significantly more efficient
than CN and BOC alone under visible light. The results
showed that the rhodamine B degradation rate by the
optimum CN/BOC-5 heterojunction was 18.4 times
that by pure CN and 1.8 times that by pure BOC. Pho-
tocatalytic degradation of tetracycline and reduction of
carbon dioxide showed similar results. This study pro-
vides an easy route for preparing 2D/2D CN/BOC het-
erojunctions with oxygen vacancies for photocatalytic
environmental remediation.

Abbreviations

2D/2D Two-dimension/ two-dimension

CN/BOC  g-G3N,/BiOC]

OVs Oxygen vacancies

0, Superoxide radical

-OH Hydroxyl radical

ht Hole

TC Tetracycline

RhB Rhodamine B

EIS Electrochemical impedance spectroscopy
EPR Electron Paramagnetic Resonance
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