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Abstract: There are many reports on g-C3N4 nanosheet and BiOCl nanosheet, but few studies on
other morphologies of g-C3N4 and BiOCl. Herein, a g-C3N4 nanoball/BiOCl nanotube heterojunction
prepared by a simple one-step acetonitrile solvothermal method is reported. The XRD results prove
that the g-C3N4/BiOCl composites can be prepared in one step. SEM results revealed that the g-C3N4

was spherical and the BiOCl was tubular. The HRTEM results indicate that g-C3N4 has an amorphous
structure and that the (100) crystal plane of BiOCl borders the g-C3N4. Spherical g-C3N4 has a narrow
band gap (approximately 1.94 eV), and the band gap of g-C3N4/BiOCl after modification was also
narrow. When the BiOCl accounted for 30% of the g-C3N4/BiOCl by mass, the quasi-primary reaction
rate constant of RhB degradation was 45 times that of g-C3N4. This successful preparation method
for optimizing g-C3N4 involving simple one-step template-free synthesis may be adopted for the
preparation of diverse-shapes and high-performance nanomaterials in the future.

Keywords: template-free synthesis; one-step method; g-C3N4 nanoball; BiOCl nanotube; heterojunc-
tion; photocatalytic; solvothermal method

1. Introduction

Owing to sustained global population growth, industrialization is accelerating, re-
sulting in ongoing damage to natural and built environments. Environmental pollution,
the energy crisis, global warming, and other issues are seriously affecting the quality of
human life. An inexhaustible, clean, and pollution-free energy source, solar energy has
become a topic of significant interest in recent years. Photocatalysis is a low-cost technology
that converts solar energy into chemical energy and can be applied for the mitigation of
environmental pollution and the production of green energy [1–5].

Graphite phase C3N4 (g-C3N4) is an excellent photocatalytic material with a large
specific surface area and stable chemical properties. Its discovery has stimulated a wave
of research involving modification, doping, and compounding [6–12]. To date, the most
popular preparation method for g-C3N4 is high-temperature calcination. Most prepared
g-C3N4 exhibits a two-dimensional (2D) flaky morphology, and reported band gaps are
approximately 2.7 eV [13–15]. Preparation by low-temperature thermal polymerization is
less often reported. Three-dimensional (3D) spherical g-C3N4 can be prepared by a low-
temperature acetonitrile solvothermal method. It has a narrower band gap (approximately
2.0 eV) than the 2D flaky g-C3N4, which theoretically results in a wider range of visible light
response [16]. Furthermore, the low temperature solvothermal method affords a higher
yield. As a result, preparation by low-temperature thermal polymerization with spherical
structures endow g-C3N4 with great potential in environmental engineering applications
because of its easy recycling ability, optimized stability, and light utilization [17]. In view of
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the advantage that solvothermal method can prepare materials with diverse morphologies,
we want to prepare g-C3N4 composites with new and special morphologies and explore
their properties because the controlling morphology is considered as one of the preferred
strategies to further improve the photocatalytic activity of the catalyst [18–21]. For ex-
ample, the three-dimensional flower-like ZnO displayed four times higher activity than
the one-dimensional scale-like ZnO for the degradation of methylene orange [22]. More-
over, by tuning the crystalline phase and morphologies of BiVO4 crystal, Zhao et al. [23]
found that the photocatalytic water oxidation activity for the well-defined BiVO4 crystal
with monoclinic scheelite type can be 50 times of their regular tetragonal BiVO4 particles.
Therefore, it is our desire to choose a suitable method to regulate the morphology of the
catalyst to improve its photocatalytic activity. The one-pot method has a special reaction
system and a complicated reaction process, which makes it possible to prepare materials
with different morphologies compared with the traditional multistep method. Therefore,
in this study, we used a simple one-pot method to prepare a g-C3N4/BiOCl composites
heterojunction using Bi2O3 as the Bi source, cyanuric chloride and dicyandiamide as the
raw materials for g-C3N4 synthesis, and acetonitrile as the solvent to improve the visible
light response of globular g-C3N4 and its photocatalytic performance. The as-prepared g-
C3N4/BiOCl composites not only exhibit a new morphology (the BiOCl is tubular) but also
significantly enhanced photocatalytic activities for RhB degradation. Compared with the
g-C3N4/BiOCl that has already been reported [24], we found that g-C3N4/BiOCl with spe-
cial morphologies prepared by the one-pot method have a faster rate of degradation of RhB
and great convenience, which indicates that our method may have broader environmental
engineering application prospects.

2. Materials and Methods
2.1. Synthesis of Materials
2.1.1. Raw Materials

Cyanuric chloride, dicyandiamide, bismuth oxide (Bi2O3), acetonitrile, absolute ethanol,
deionized water, bismuth pentahydrate (Bi(NO3)3·5H2O), sodium chloride, rhodamine B
(RhB), and sodium hydroxide (NaOH) were used.

2.1.2. Synthesize of CB

g-C3N4/BiClO composites (denoted as CB) were prepared by a simple one-pot method
(Figure 1). In a typical synthesis, 1.38 g cyanuric chloride and 0.42 g dicyandiamide were
resolved in 30 mL of acetonitrile, and then added to a certain mass of bismuth oxide
(Bi2O3), making the mass of BiClO account for 0%, 10%, 20%, 30%, and 40% of the mass
of the composites. Then, the beaker was covered with plastic wrap and stirred at room
temperature for 6 h. Finally, the mixture was transferred to a 50 mL high-pressure reactor,
sealed in a stainless-steel hydrothermal reaction shell, and reacted at 180 ◦C for 24 h. The
resulting precipitate was washed several times with acetonitrile and ethanol, and then
dissolved in deionized water and adjusted to pH = 7 with sodium hydroxide. Then, the
sample was placed in an oven at 80 ◦C to dry for 12 h and were abbreviated as CB-X (X = 0,
1, 2, 3, and 4). The CB-0 is pure g-C3N4.

2.1.3. Synthesize of BiOCl

The BiOCl were synthesized by a simple solvothermal method. In a typical synthesis,
Bi(NO3)3·5H2O (4 mmol), NaCl (4 mmol), and deionized water (35 mL) were mixed by
vigorous stirring at ambient temperature for 6 h. Then, the above mixed solution was
transferred into a 50 mL Teflon-lined stainless-steel autoclave and heated at 180 ◦C for 24 h.
The samples were harvested by centrifugation, thoroughly washed with deionized water
and ethanol several times, and finally dried at 80 ◦C for 12 h.
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Figure 1. Reaction process of one-pot method.

2.2. Characterization

The phase structure of the sample was characterized by XRD (D8ADVANCE-A25,
Bruker, Billerica, MA, USA), and the morphology of the sample was characterized by
field emission scanning electron microscopy (FEI Company, Hillsboro, OR, USA). The
crystal plane spacing and elemental distribution of crystals were analyzed by Talos F200X
FEI field emission transmission electron microscopy (ThermoFisher Scientific, Waltham,
MA, USA). The XPS (Axis Ultra DLD KRATOS, Manchester, England, UK) was used to
analyze the elemental composition and surface properties of materials. The UV-vis spectra
(UV-2600, Shimadzu, Kyoto, Japan) was used to calculate the band gap of materials. Time-
resolved fluorescence decay spectroscopy was measured using FLS1000 time correlated
single-photon counting system (Edinburg Instruments, Edinburgh, Scotland, UK). The
photoelectric properties of the samples were recorded in a standard three-electrode system
on a CHI 660E electro-chemical workstation (Shanghai, China). A 300 W Xe arc lamp
equipped with a 400 nm cut-off filter was used as the light source. Pt wire and Ag/AgCl
electrode were employed as the counter electrode and reference electrode, respectively. The
working electrode was obtained by deposition of as-prepared sample on 1 cm × 1 cm FTO
glass. All measurement was performed in 0.5 mol/L Na2SO4 aqueous electrolyte.

2.3. Photocatalytic Activity Experiment

The photocatalytic degradation experiment used a 300 W xenon lamp with a 420 nm
cut-off filter (260 mW cm−1). Condensed water was passed through the outer layer of the
beaker to ensure a constant temperature for the catalytic reaction. A certain weight of the
catalyst (23 mg) was added to the beaker with 50 mL of organic pollutant solution (10 mg/L).
Prior to illumination, the solution was magnetically stirred for 40 min in the dark to reach
the adsorption equilibrium between the catalyst and organic pollutants. A 3 mL sample of
the suspension was taken and centrifuged at given time intervals to measure the changes
in the pollutant concentration during light irradiation. The concentration of the RhB and
MO was measured with a UV-vis spectrophotometer at maximum absorption wavelength
(λ = 550 and 463 nm, respectively). The degradation rate (η) can be expressed as:

η = (C0 − Ct)/C0 × 100% (1)
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where η represents the degradation rate of dye; C0 represents the concentration of dye
solution after dark reaction; and Ct represents the concentration of dye solution at time t.

3. Results
3.1. Structure and Composition

Figure 2 shows the XRD patterns of the g-C3N4, BiOCl, and CB-3 heterojunction
catalysts. BiOCl has characteristic diffraction peaks at 11.98◦, 24.09◦, 25.86◦, 32.49◦, 36.54◦,
40.89◦, 46.63◦, 49.70◦, 54.09◦, 58.60◦, and 68.03◦ which are assigned to the (001), (002),
(101), (110), (003), (112), (200), (113), (211), (212), and (220) crystal planes, respectively. The
results were consistent with the BiOCl standard spectrum (JCPDS06-0249). For g-C3N4,
the strong diffraction peaks at 27.6◦ correspond to the (002) crystal planes of g-C3N4. For
CB-3, the (001), (101), (110), (112), (200), (211), (212), and (220) crystal planes belonging
to BiOCl can be observed, and the diffraction peak of the (110) plane is the strongest,
which is consistent with the TEM results (BiOCl grows on carbon nitride along the (110)
crystal plane). In contrast with those of the g-C3N4, the diffraction peak of the (002) crystal
plane for CB-3 shifted slightly from 27.6◦ to 27.3◦. The crystal plane spacing of the g-C3N4
increased according to the Bragg formula, owing to the BiOCl doped into the crystal planes
of the g-C3N4.
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The chemical states of the g-C3N4 and CB-3 compositions were examined by XPS
analysis (Figure 3). C, N, O, and Cl were found on the surface of the g-C3N4 (Figure 3a).
The O was derived from the water adsorbed on the surface, and the Cl was derived from
the cyanuric chloride doped into the g-C3N4. Furthermore, C, N, Cl, O, and Bi appear in the
full spectrum of CB-3 (Figure 3a), and the peaks of N1s and C1s shifted to higher binding
energies than those of the g-C3N4. The increase in binding energy reflects a decrease in
electron cloud density, indicating that the C and N of the g-C3N4 interact with Cl and O,
which are more electronegative, and that g-C3N4 and BiOCl recombined successfully. For
g-C3N4, the high-resolution C1s spectrum can be fitted to three peaks (Figure 3e), which are
related to the extraneous carbon (284.80 eV), C–N bonds (286.34 eV), and sp2 C–C bonds in
the graphitic structure (288.28 eV). The N1s orbital can be fitted to two peaks with binding
energies of 398.74 and 400.23 eV (Figure 3f), which are ascribed to sp2 hybridized N atoms
in the triazine units (C=N–C) and tertiary nitrogen (N–(C)3), respectively [25–28]. For the
C1s and N1s of the CB-3, the peaks obtained from the fitting are consistent with those of
g-C3N4, and an increase in the binding energy can be observed (Figure 3e,f). Two different
peaks can be observed in the high-resolution Bi4f spectra (Figure 3b). The two intense peaks
at 159.0 and 164.3 eV are assigned to Bi 4f7/2 and Bi 4f5/2 [29], respectively. In Figure 3c,
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the two individual O1s peaks at 529.8 and 531.58 eV are ascribed to the lattice Bi-O and
the H2O adsorbed on the surface, respectively. In Figure 3d, the two peaks at 197.71 and
199.34 eV are ascribed to Cl 2p3/2 and Cl 2p1/2, respectively.

Nanomaterials 2022, 12, x FOR PEER REVIEW 5 of 14 
 

 

which are more electronegative, and that g-C3N4 and BiOCl recombined successfully. For 
g-C3N4, the high-resolution C1s spectrum can be fitted to three peaks (Figure 3e), which 
are related to the extraneous carbon (284.80 eV), C–N bonds (286.34 eV), and sp2 C–C 
bonds in the graphitic structure (288.28 eV). The N1s orbital can be fitted to two peaks 
with binding energies of 398.74 and 400.23 eV (Figure 3f), which are ascribed to sp2 hybridized 
N atoms in the triazine units (C = N–C) and tertiary nitrogen (N–(C)3), respectively [25–28]. 
For the C1s and N1s of the CB-3, the peaks obtained from the fitting are consistent with those 
of g-C3N4, and an increase in the binding energy can be observed (Figure 3e,f). Two different 
peaks can be observed in the high-resolution Bi4f spectra (Figure 3b). The two intense peaks 
at 159.0 and 164.3 eV are assigned to Bi 4f7/2 and Bi 4f5/2 [29], respectively. In Figure 3c, the 
two individual O1s peaks at 529.8 and 531.58 eV are ascribed to the lattice Bi-O and the 
H2O adsorbed on the surface, respectively. In Figure 3d, the two peaks at 197.71 and 199.34 
eV are ascribed to Cl 2p3/2 and Cl 2p1/2, respectively. 

  

  

  

Figure 3. XPS spectra: (a) survey spectrum, (b) Bi4f, (c) O1s, (d) Cl2p, and (e) C1s, (f) N1s. 

3.2. Morphology 
The morphology of g-C3N4 and CB-3 was investigated by SEM and TEM. The g-C3N4 

prepared by the acetonitrile solvothermal method is mostly spherical (Figure 4a,b). The 
reasons for the formation of spherical g-C3N4 may be that cyanuric chloride is insoluble in 
acetonitrile, and the boiling point of acetonitrile is very low. In this homogeneous system, 
flaky g-C3N4 can self-assemble into spherical g-C3N4 [30]. The morphology of CB-3 is 
shown in Figure 4c,d and Figure 5d,e. The tubular BiOCl adheres densely to the spherical 

Figure 3. XPS spectra: (a) survey spectrum, (b) Bi4f, (c) O1s, (d) Cl2p, and (e) C1s, (f) N1s.

3.2. Morphology

The morphology of g-C3N4 and CB-3 was investigated by SEM and TEM. The g-C3N4
prepared by the acetonitrile solvothermal method is mostly spherical (Figure 4a,b). The
reasons for the formation of spherical g-C3N4 may be that cyanuric chloride is insoluble in
acetonitrile, and the boiling point of acetonitrile is very low. In this homogeneous system,
flaky g-C3N4 can self-assemble into spherical g-C3N4 [30]. The morphology of CB-3 is
shown in Figure 4c,d and Figure 5d,e. The tubular BiOCl adheres densely to the spher-
ical g-C3N4, demonstrating that g-C3N4/BiOCl composites were prepared successfully
in one step, which is consistent with our interpretation of the XRD results. The TEM
images of pure g-C3N4 (Figure 5a,b) show that the g-C3N4 remained spherical and has a
diameter of 616 nm. However, flaky g-C3N4 was also observed, further demonstrating
that the spheres are self-assembled from flaky g-C3N4. In contrast, the HRTEM results
reveal an amorphous morphology [31] (Figure 5c). In addition, the HRTEM image of
CB-3 shows that the (110) crystal planes of BiOCl appeared to border the amorphous
g-C3N4 (Figure 5f), indicating that (110) crystal plane is the dominant exposed plane under
acetonitrile solvothermal conditions.
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EDS and elemental mapping best demonstrate the successful recombination of g-
C3N4 with BiOCl. Figure 6a shows that the material is composed of C, N, O, Bi, and
Cl, and the average atomic fraction of C/N/O/Bi/Cl is 44.64/39.20/7.13/5.65/3.38. The
elemental mapping (Figure 6b–g) of CB-3 reveals that Bi, O, and Cl are well dispersed
on the surface of g-C3N4, and Bi and O are somewhat clustered. These results prove that
the heterojunction was successfully formed [32]. Otherwise, by comparing the atomic
concentration determined by XPS with those obtained by EDS (Table 1), we think that
the organic matter and oxygen supported on the surface of the catalyst cause the atomic
fraction of the C and O to be slightly larger, respectively. The reason for the large atomic
fraction of Cl is that the Cl of the raw material (cyanuric chloride) is doped into the catalyst.
In addition, the weaker interaction of Bi and Cl may also lead to more point defects in
BiOCl [33], thus leading to an error in atomic fractions. Furthermore, it is worth mentioning
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that the presence of point defects can be used as the active site of the reaction, which may
be an important reason for enhancing photocatalytic activity.
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Table 1. Atomic concentration determined by XPS and EDS.

C (%) N (%) O (%) Cl (%) Bi (%)

EDS1 51.99 31.57 6.64 5.94 3.86
EDS2 39.48 41.77 8.21 5.62 4.92
EDS3 42.44 44.27 6.55 5.38 1.36

AVERAGE 44.64 39.20 7.13 5.65 3.38
XPS 39.83 36.88 10.76 7.73 4.80

3.3. Optical Properties

The optical properties of the samples were characterized by UV-vis spectra (Figure 7a).
The band gaps of the CB-X composites and BiOCl were estimated using the Tauc formula:

αhν = A
(
hν − Eg

)n/2 (2)

where α is the absorption coefficient, h is Planck’s constant, ν is the frequency of light,
and A is the proportionality constant. For indirect semiconductors, such as g-C3N4 and
BiOCl, n = 4 [34], and Eg is the sample band gap. BiOCl has a band gap of approximately
3.26 eV in Figure 7b. The absorption edge is approximately 380 nm, and it absorbs in the
ultraviolet range. The band gap of g-C3N4 prepared by calcination is approximately 2.7 eV
(the absorbing edge is approximately 460 nm) [35]. As shown in Figure 7c, the bandgap
energy of the g-C3N4 prepared by the solvothermal method is approximately 1.94 eV, and
the absorbing edge is expanded to 640 nm. Meanwhile, the band gaps of CB-X (X = 1, 2,
3, and 4) are 1.87, 1.83, 1.81, and 1.90 eV, respectively, and their absorption in the visible
light region is better than that of g-C3N4 and BiOCl. The time-resolved fluorescence spectra
of semiconductors can be used to study the lifetime, separation, and recombination of
photogenerated electron-hole pairs [36]. The fluorescence lifetime of the material can be
measured by the transient fluorescence spectra, and the average fluorescence lifetime of the
material was calculated using the following formula:

τ =
(

β1τ2
1 + β2τ2

2

)
/(β1τ1 + β1τ1) (3)
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Long average fluorescence lifetimes equate to long electron-hole lifetimes, and the elec-
trons and holes are well separated. Figure 7d shows the time-resolved fluorescence spectra
of CB-X (X = 0, 1, 2, 3, and 4) and BiOCl at an excitation wavelength of 486 nm. The average
fluorescence lifetimes of pure BiOCl and CB-0 are 2.48 and 6.04 ns, respectively. However,
the average fluorescence lifetime of the composite material CB-3 is as high as 8.52 ns, which
indicates that the electrons and holes in CB-3 are better separated. These results indicate
that heterojunctions suppress photogenerated electron-hole recombination successfully.

3.4. Photocatalytic Activity

The photocatalytic activity was measured by determining the efficiency of degrading
RhB and MO (Figure 8a–d). After irradiation with visible light for 60 min, the degradation
rate of RhB by CB-3 reached 93% and the degradation rates of RhB by CB-0 (g-C3N4) and
BiOCl under the same conditions were 10% and 38%, respectively. The photocatalytic
activity of the material significantly improved after the g-C3N4 was doped with BiOCl. To
compare the photocatalytic performance of these catalysts, the kinetics of photodegradation
were evaluated by applying the pseudo-first-order model:

− ln(Ct/C0) = kt (4)

where the k is the pseudo first-order rate constant, which represents the level of photocat-
alytic activity of the catalyst. The calculated rate constant of CB-3 is 0.045 min−1 (Figure 8b),
and the rate constants of CB-0 and BiOCl are 0.001 min−1 and 0.009 min−1, respectively.
The photodegradation rate of CB-3 is approximately 45 times higher than that of g-C3N4,
indicating that the photocatalytic performance of the composite is very good, which means
that the modification of one-step prepared g-C3N4 was very successful. In order to prove
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that the catalyst has a wide range of applicability, we additionally selected MO for degra-
dation, and the method of processing the data is the same as that described above. After
irradiation with visible light for 60 min, the degradation rate of MO by CB-3 reached 75%
and the degradation rates of MO by CB-0 and BiOCl under the same conditions were
only 20% and 30%, respectively. Otherwise, the apparent degradation rate constant at-
tains a maximum value of 0.01 min−1, which is 12 times higher than that of g-C3N4 (less
than 0.0008 min−1). The good stability and recyclability of the catalyst are necessary for
photocatalytic reactions. As shown in Figure 8c, after three cycles of photodegradation
of RhB and MO, the catalyst did not exhibit significant loss in activity. When the cycle
of photodegradation reaches 5 times, the photocatalytic effect of the catalyst is reduced,
but we believe that these losses are acceptable considering the loss in the catalyst and the
adsorption of contaminants. Suitable control experiments without the addition of photo-
catalysts was conducted to determine the adsorption equilibrium of the photocatalysts
and the effect of photolysis. The control experiments confirmed that the photocatalyst has
physical adsorption on organic dyes in the dark reaction stage, and also the irradiation
itself has no photolysis effect on the dyes.
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To show the advantage of g-C3N4 nanoball/BiOCl nanotube heterojunction, the ob-
tained results in this study have been compared with some reported catalysts in the liter-
ature [9,24,37–40], as summarized in Table 2. The most reported methods clearly require
long reaction time or high concentration of catalyst. The nanocomposites synthesized in
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this study can achieve high removal ratio at short reaction time, so the present method is
more suitable and superior.

Table 2. Comparison of catalytic activity of g-C3N4 nanoball/BiOCl nanotube heterojunction with
some reported catalysts in the degradation of organic dyes.

Catalyst Dyes Removal Ratio (%) Time (min) Dye (mg/L) Catalyst (g/L) Refs

g-C3N4/CdS/BiOCl RhB ~90 30 20 1 [9]
g-C3N4/BiOCl RhB ~90 150 20 1 [24]
g-C3N4/Bi2O3 RhB ~90 210 10 0.25 [37]
g-C3N4/BiOCl RhB ~90 50 10 0.46 In this study

Ag/g-C3N4 MO ~95 300 20 2 [38]
BiOCl/Bi12O17Cl2 MO ~70 300 10 0.6 [39]

Cu/g-C3N4 MO ~90 70 10 0.5 [40]
g-C3N4/BiOCl MO ~75 60 10 0.46 In this study

3.5. Photoelectric Properties

The interfacial charge transport process directly reflects the carrier transport capability
of photocatalytic materials to active sites [41]. The electrochemical properties of g-C3N4,
BiOCl and CB-3 were investigated by electrochemical impedance spectroscopy and tran-
sient photocurrent. As shown in Figure 9a, the impedance of CB-3 is significantly lower
than that of BiOCl and g-C3N4, indicating that the charge transfer resistance is low, which
is beneficial to the improvement of photocatalytic performance. The transient photocurrent
of CB-3 is larger (Figure 9b), which indicates that there are more surface electrons and
holes, and that it exhibits the best photoelectric performance, which is consistent with the
photocatalytic degradation results.
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3.6. Photocatalytic Mechanism

The energy band position of the semiconductors is an important thermodynamic
consideration for the photocatalytic activity. The VB-XPS in Figure 10a reveals the energy
difference between the maximum VB and EF [42]. The values for CB-3 and g-C3N4 are
1.82 and 1.95 eV, respectively. In Figure 10b, the Mott–Schottky plots reveal that the EF
values [43] for CB-3 and g-C3N4 are −0.84 and −1.17 eV (vs. Ag/AgCl), which are equal
to −0.64 and −0.97 eV (vs. NHE), respectively. Thus, the VB values for CB-3 and g-C3N4
are 1.18 and 0.98 eV, respectively, and the corresponding CB values can be calculated by
the formula:

ECB = EVB − Eg (5)
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Figure 10. (a) VB-XPS, (b) Mott-Schottky plots.

The Eg values for CB-3 and g-C3N4 are 1.81 and 1.94 eV, respectively, according to the
UV-Vis spectrum. As a result, the CB values for CB-3 and g-C3N4 are −0.63 and −0.96 eV,
respectively. The results indicate that the valence band of the CB-3 increased, and the higher
the VB top, the stronger the oxidation ability [44–47], which means that CB-3 exhibits better
degradation activity.

The plausible charge carrier transfer mechanism of the step scheme heterojunction is
depicted in Figure 11. The ECB and EVB of the BiOCl are 0.22 and 3.48 eV, respectively [48].
The BiOCl EVB potential (3.48 eV) is likely to be more positive than g-C3N4 (0.98 eV),
whereas the ECB of g-C3N4 (−0.96 eV) is likely to be more negative than BiOCl (0.22 eV). As
a result, the electrons and holes are successfully separated [49–51]. The former is transferred
to the CB of BiOCl, and the latter are transferred to the VB of the g-C3N4, which improves
the photocatalytic performance.
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4. Conclusions

A g-C3N4/BiOCl composite material comprising a mixture of spheres and tubes was
prepared by a one-step solvothermal method for the first time. The spherical g-C3N4
post BiOCl compounding demonstrated better photocatalytic activity than pure g-C3N4,
and the quasi-primary reaction rate constant of RhB degradation was 45 times that of
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g-C3N4. Moreover, it demonstrated reasonable stability after five cycles, which proves that
our low-temperature solvothermal method can successfully modify and optimize g-C3N4.
Meanwhile, the new and special morphologies, using the low-temperature solvothermal
method and the narrower band gap of catalysts, are desirable features that are likely
to inspire further development. In summary, this research offers a feasible strategy to
prepare diverse-shapes and high-performance catalysts for environmental protection and
energy production.

Author Contributions: Conceptualization, P.F. and Y.X.; data curation, L.W. and J.Z.; formal analysis,
L.W. and X.C.; investigation, P.F., Y.X., L.W. and Q.S.; methodology, L.W., Z.F., P.F. and Q.S.; resources,
L.W. and Y.X.; supervision, L.W.; visualization, L.W., Z.F. and P.F.; writing—original draft, L.W., Z.F.
and Y.X.; writing—review and editing, J.Z. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Nazarbayev University Faculty Development Competitive
Research Grant, grant number 110119FD4512; Nazarbayev University Collaborative Research Grant,
grant number 021220CRP1922; Young Scientist Grant of the Ministry of Education and Science of the
Republic of Kazakhstan, grant number AP08052412.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We gratefully acknowledge the Jiangxi Provincial Educational Department (No.
GJJ210906) for financial support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mclaren, A.; Valdes-Solis, T.; Li, G.; Tsang, S.C. Shape and size effects of ZnO nanocrystals on photocatalytic activity. J. Am. Chem.

Soc. 2009, 131, 12540–12541. [CrossRef]
2. Wu, N.; Wang, J.; Tafen, D.N.; Wang, H.; Zheng, J.-G.; Lewis, J.P.; Liu, X.; Leonard, S.S.; Manivannan, A. Shape-enhanced

photocatalytic activity of single-crystalline anatase TiO2 (101) nanobelts. J. Am. Chem. Soc. 2010, 132, 6679–6685. [CrossRef]
[PubMed]

3. Asahi, R.; Morikawa, T.; Ohwaki, T.; Aoki, K.; Taga, Y. Visible-light photocatalysis in nitrogen-doped titanium oxides. Science
2001, 293, 269–271. [CrossRef]

4. Yang, D.; Liu, H.; Zheng, Z.; Yuan, Y.; Zhao, J.; Waclawik, E.R.; Ke, X.; Zhu, H. An efficient photocatalyst structure: TiO2(B)
nanofibers with a shell of anatase nanocrystals. J. Am. Chem. Soc. 2009, 131, 17885–17893. [CrossRef] [PubMed]

5. Pelaez, M.; Nolan, N.T.; Pillai, S.C.; Seery, M.K.; Falaras, P.; Kontos, A.G.; Dunlop, P.S.M.; Hamilton, J.W.J.; Byrne, J.A. A review on
the visible light active titanium dioxide photocatalysts for environmental applications. Appl. Catal. B Environ. 2012, 125, 331–349.
[CrossRef]

6. Bi, Q.-L.; Li, Q.; Su, Z.-P.; Chen, R.; Shi, C.-X.; Chen, T.-H. Room temperature synthesis of ultrathin iodine-doped BiOCl nanosheets.
Colloid Surf. A-Physicochem. Eng. Asp. 2019, 582, 123899. [CrossRef]

7. Huo, Y.; Zhang, J.-F.; Wang, Z.-L.; Dai, K.; Pan, C.-S.; Liang, C.-H. Efficient interfacial charge transfer of 2D/2D porous carbon
nitride/bismuth oxychloride step-scheme heterojunction for boosted solar-driven CO2 reduction. J. Colloid Interface Sci. 2021, 585,
684–693. [CrossRef]

8. Vinoth, S.; Ong, W.E.; Pandikumar, A. Sulfur-doped graphitic carbon nitride incorporated bismuth oxychloride/Cobalt based
type-II heterojunction as a highly stable material for photoelectrochemical water splitting. J. Colloid Interface Sci. 2021, 591, 85–95.
[CrossRef]

9. Bellamkonda, S.; Rao, G.R. Nanojunction-mediated visible light photocatalytic enhancement in heterostructured ternary BiOCl/
CdS/g-C3N4 nanocomposites. Catal. Today 2019, 321, 18–25. [CrossRef]

10. Li, H.; Xia, Z.-B.; Chen, J.-Q.; Lei, L.; Xing, J.-H. Constructing ternary CdS/reduced graphene oxide/TiO2 nanotube arrays hybrids
for enhanced visible-light-driven photoelectrochemical and photocatalytic activity. Appl. Catal. B Environ. 2015, 168, 105–113.

11. Zhu, Y.-Z.; Xu, Z.-X.; Lang, Q.-Q.; Jiang, W.-Y.; Yin, Q.-Q.; Zhong, S.-X.; Bai, S. Grain boundary engineered metal nanowire
cocatalysts for enhanced photocatalytic reduction of carbon dioxide. Appl. Catal. B Environ. 2017, 206, 282–292. [CrossRef]

12. Fu, J.-W.; Yu, J.-G.; Jiang, C.-J.; Cheng, B. g-C3N4-based heterostructured photocatalysts. Adv. Energy. Mater. 2018, 8, 1701503.
[CrossRef]

13. Sridevi, A.; Ramji, B.R.; Venkatesan, G.K.D.P.; Sugumaran, V.; Selvakumar, P. A facile synthesis of TiO2/BiOCl and
TiO2/BiOCl/La2O3 heterostructure photocatalyst for enhanced charge separation efficiency with improved UV-light catalytic
activity towards Rhodamine B and Reactive Yellow 86. Inorg. Chem. Commun. 2021, 130, 108715. [CrossRef]

http://doi.org/10.1021/ja9052703
http://doi.org/10.1021/ja909456f
http://www.ncbi.nlm.nih.gov/pubmed/20420405
http://doi.org/10.1126/science.1061051
http://doi.org/10.1021/ja906774k
http://www.ncbi.nlm.nih.gov/pubmed/19911792
http://doi.org/10.1016/j.apcatb.2012.05.036
http://doi.org/10.1016/j.colsurfa.2019.123899
http://doi.org/10.1016/j.jcis.2020.10.048
http://doi.org/10.1016/j.jcis.2021.01.104
http://doi.org/10.1016/j.cattod.2018.03.025
http://doi.org/10.1016/j.apcatb.2017.01.035
http://doi.org/10.1002/aenm.201701503
http://doi.org/10.1016/j.inoche.2021.108715


Nanomaterials 2022, 12, 2569 13 of 14

14. Xu, Y.; Li, Z.-Z.; Fang, F.; E, Y.-F.; Zhao, G.-Z. Novel visible-light-induced BiOCl/g-C3N4 photocatalyst for efficient degradation of
metronidazole. Inorg. Chem. Commun. 2021, 132, 108820. [CrossRef]

15. Chen, F.-M.; Leong, Z.-Y.; Yang, H.-Y. An aqueous rechargeable chloride ion battery. Energy Storage Mater. 2017, 7, 189–194.
16. Cui, Y.; Tang, Y.; Wang, X. Template-free synthesis of graphitic carbon nitride hollow spheres for photocatalytic degradation of

organic pollutants. Mater. Lett. 2015, 161, 197–200. [CrossRef]
17. Wang, S.-J.; Zhang, J.-Q.; Li, B.; Sun, H.-Q.; Wang, S.-B.; Duan, X.-G. Morphology-dependent photocatalysis of graphitic carbon

nitride for sustainable remediation of aqueous pollutants: A mini review. J. Environ. Chem. Eng. 2022, 10, 107438. [CrossRef]
18. Liu, B.-Y.; Nie, X.-Q.; Tang, Y.; Yang, S.; Bian, L.; Dong, F.-Q.; He, H.-C.; Zhou, Y.; Liu, K. Objective findings on the K-Doped

g-C3N4 photocatalysts: The presence and influence of organic byproducts on K-doped g-C3N4 photocatalysis. Langmuir 2021, 37,
4859–4868. [CrossRef]

19. Xie, M.; Wei, W.; Xu, Y.-G.; Xie, J.-M. Carbon nitride nanowires/nanofibers: A novel template-free synthesis from a cyanuric
chloride–melamine precursor towards enhanced adsorption and visible-light photocatalytic performance. Ceram. Int. 2016, 42,
4158–4170. [CrossRef]

20. He, F.; Wang, Z.-X.; Li, Y.-X.; Peng, S.-Q.; Liu, B. The nonmetal modulation of composition and morphology of g-C3N4-based
photocatalysts. Appl. Catal. B Environ. 2020, 269, 118828. [CrossRef]

21. Ong, W.-J.; Tan, L.-L.; Ng, Y.-H.; Yong, S.-T.; Chai, S.-P. Graphitic carbon nitride (g-C3N4)-based photocatalysts for artificial
photosynthesis and environmental remediation: Are we a step closer to achieving sustainability? Chem. Rev. 2016, 116, 7159–7329.
[CrossRef] [PubMed]

22. Lin, Y.; Hu, H.; Hu, Y.-H. Role of ZnO morphology in its reduction and photocatalysis. Appl. Surf. Sci. 2020, 502, 144202.
[CrossRef]

23. Zhao, Y.; Li, R.-G.; Mu, L.-C.; Li, C. Significance of Crystal Morphology Controlling in Semiconductor-Based Photocatalysis: A
Case Study on BiVO4 Photocatalyst. Cryst. Growth Des. 2017, 17, 2923–2928. [CrossRef]

24. Yao, W.-Z.; Zhang, J.-H.; Wang, Y.X.; Ren, F.Z. Hybrid density functional study on the mechanism for the enhanced photocatalytic
properties of the ultrathin hybrid layered nanocomposite g-C3N4/BiOCl. Appl. Surf. Sci. 2018, 435, 1351–1360. [CrossRef]

25. Lv, J.; Dai, K.; Zhang, J.-F.; Geng, L.; Liang, C.-H.; Liu, Q.-C.; Zhu, G.-P.; Chen, C. Facile synthesis of Z-scheme graphitic-
C3N4/Bi2MoO6 nanocomposite for enhanced visible photocatalytic properties. Appl. Surf. Sci. 2015, 358, 377–384. [CrossRef]

26. Wang, Z.; Lv, J.; Zhang, J.; Dai, K.; Liang, C. Facile synthesis of Z-scheme BiVO4/porous graphite carbon nitride heterojunction
for enhanced visible-light-driven photocatalyst. Appl. Surf. Sci. 2018, 430, 595–602. [CrossRef]

27. Yu, L.; Zhang, X.; Li, G.; Cao, Y.; Shao, Y.; Li, D. Highly efficient Bi2O2CO3/BiOCl photocatalyst based on heterojunction with
enhanced dye-sensitization under visible light. Appl. Catal. B Environ. 2016, 187, 301–309. [CrossRef]

28. Wang, J.-C.; Yao, H.-C.; Fan, Z.-Y.; Zhang, L.; Wang, J.-S.; Zang, S.-Q.; Li, Z.-J. Indirect Z-Scheme BiOI/g-C3N4 photocatalysts with
enhanced photoreduction CO2 activity under visible light irradiation. ACS Appl. Mater. Interfaces 2016, 8, 3765–3775. [CrossRef]

29. Wang, W.-J.; Huang, B.-B.; Ma, X.-C.; Wang, Z.-Y.; Qin, X.-Y.; Zhang, X.-Y.; Dai, Y. Efficient separation of photogenerated
electron-hole Pairs by the combination of a heterolayered structure and internal polar field in pyroelectric BiOIO3 nanoplates.
Chem. Eur. J. 2013, 19, 14777–14780. [CrossRef]

30. Zimmerman, J.L.; Williams, R.; Knabashesku, V.N. Synthesis of spherical carbon nitride nanostructures. Nano Lett. 2001, 1,
731–734. [CrossRef]

31. Fanchini, G.; Tagliaferro, A.; Ray, S.C. Electronic and vibrational structures of amorphous carbon nitrides. Diam. Relat. Mater.
2003, 12, 208–218. [CrossRef]

32. Al Marzouqi, F.; Al Farsi, B.; Kuvarega, A.T.; Al Lawati, H.A.J.; Al Kindy, S.M.Z.; Kim, Y.; Selvaraj, R. Controlled Microwave-
Assisted Synthesis of the 2D-BiOCl/2D-g-C3N4 Heterostructure for the Degradation of Amine-Based Pharmaceuticals under
Solar Light Illumination. ACS Omega 2019, 4, 4671–4678. [CrossRef] [PubMed]

33. Xu, K.; Xu, Z.; Wang, L.; Feng, H.; Pan, F.; Zhuang, J.; Hao, W. First-principles study on the electronic structures and diffusion
behaviors of intrinsic defects in BiOCl. Comp. Mater. Sci. 2022, 203, 111088. [CrossRef]

34. Hu, J.-L.; Wu, X.; Huang, C.-J.; Fan, W.-J.; Qiu, X.-Q. Visible light photocatalytic activity induced by Rh(III) modification on the
surface of BiOCl. Appl. Surf. Sci. 2016, 387, 45–50. [CrossRef]

35. She, X.; Wu, J.; Zhong, J.; Xu, H.; Yang, Y.; Vajtai, R.; Lou, J.; Liu, Y.; Du, D.; Li, H.; et al. Oxygenated monolayer carbon nitride for
excellent photocatalytic hydrogen evolution and external quantum efficiency. Nano Energy 2016, 27, 138–146. [CrossRef]

36. Li, X.; Yu, J.; Jaroniec, M.; Chen, X. Cocatalysts for selective photoreduction of CO2 into solar fuels. Chem. Rev. 2019, 119,
3962–4179. [CrossRef]

37. Abdelaziz, M.B.; Chouchene, B.; Balan, L.; Gries, T.; Medjahdi, G.; Ezzaouia, H.; Schneider, R. One pot synthesis of bismuth
oxide/graphitic carbon nitride composites with high photocatalytic activity. Mol. Catal. 2019, 463, 110–118. [CrossRef]

38. Yang, C.-L.; Wei, H.-G.; Guan, L.-T.; Guo, J.; Wang, Y.-R.; Yan, X.-R.; Zhang, X.; Wei, S.-Y.; Guo, Z.-H. Polymer nanocomposites for
energy storage, energy saving, and anticorrosion. J. Mater. Chem. A 2015, 3, 14929–14941. [CrossRef]

39. Hao, L.; Huang, H.-W.; Guo, Y.-X.; Du, X.; Zhang, Y.-H. Bismuth oxychloride homogeneous phasejunction BiOCl/Bi12O17Cl2
with unselectively efficient photocatalytic activity and mechanism insight. Appl. Surf. Sci. 2017, 420, 303–312. [CrossRef]

40. Le, S.-L.; Jiang, T.-S.; Zhao, Q.; Liu, X.-F.; Li, Y.-Y.; Fang, B.-W.; Gong, M. Cu-doped mesoporous graphitic carbon nitride for
enhanced visible-light driven photocatalysis. RSC Adv. 2016, 6, 38811–38819. [CrossRef]

http://doi.org/10.1016/j.inoche.2021.108820
http://doi.org/10.1016/j.matlet.2015.08.106
http://doi.org/10.1016/j.jece.2022.107438
http://doi.org/10.1021/acs.langmuir.1c00044
http://doi.org/10.1016/j.ceramint.2015.11.089
http://doi.org/10.1016/j.apcatb.2020.118828
http://doi.org/10.1021/acs.chemrev.6b00075
http://www.ncbi.nlm.nih.gov/pubmed/27199146
http://doi.org/10.1016/j.apsusc.2019.144202
http://doi.org/10.1021/acs.cgd.7b00291
http://doi.org/10.1016/j.apsusc.2017.11.259
http://doi.org/10.1016/j.apsusc.2015.06.183
http://doi.org/10.1016/j.apsusc.2017.06.093
http://doi.org/10.1016/j.apcatb.2016.01.045
http://doi.org/10.1021/acsami.5b09901
http://doi.org/10.1002/chem.201302884
http://doi.org/10.1021/nl015626h
http://doi.org/10.1016/S0925-9635(03)00024-4
http://doi.org/10.1021/acsomega.8b03665
http://www.ncbi.nlm.nih.gov/pubmed/31459654
http://doi.org/10.1016/j.commatsci.2021.111088
http://doi.org/10.1016/j.apsusc.2016.06.075
http://doi.org/10.1016/j.nanoen.2016.06.042
http://doi.org/10.1021/acs.chemrev.8b00400
http://doi.org/10.1016/j.mcat.2018.12.004
http://doi.org/10.1039/C5TA02707A
http://doi.org/10.1016/j.apsusc.2017.05.076
http://doi.org/10.1039/C6RA03982K


Nanomaterials 2022, 12, 2569 14 of 14

41. Zhao, Y.; Zhao, Y.; Shi, R.; Wang, B.; Waterhouse, G.I.N.; Wu, L.Z.; Tung, C.H.; Zhang, T.R. Tuning oxygen vacancies in ultrathin
TiO2 nanosheets to boost photocatalytic nitrogen fixation up to 700 nm. Adv. Mater. 2019, 31, 1806482. [CrossRef]

42. Wang, S.; Ding, X.; Zhang, X.; Pang, H.; Hai, X.; Zhan, G.; Zhou, W.; Song, H.; Zhang, L.; Chen, H.; et al. In situ carbon
homogeneous doping on ultrathin bismuth molybdate: A dual-purpose strategy for efficient molecular oxygen activation. Adv.
Funct. Mater. 2017, 27, 1703923. [CrossRef]

43. Tian, N.; Zhang, Y.; Li, X.; Xiao, K.; Du, X.; Dong, F.; Waterhouse, G.I.N.; Zhang, T.; Huang, H. Precursor-reforming protocol to
3D mesoporous g-C3N4 established by ultrathin self-doped nanosheets for superior hydrogen evolution. Nano Energy 2017, 38,
72–81. [CrossRef]

44. Chen, X.-B.; Liu, L.; Yu, P.-Y.; Mao, S.-S. Increasing solar absorption for photocatalysis with black hydrogenated titanium dioxide
nanocrystals. Science 2011, 331, 746–750. [CrossRef] [PubMed]

45. Sinhamahapatra, A.; Jeon, J.P.; Yu, J.-S. A new approach to prepare highly active and stable black titania for visible light-assisted
hydrogen production. Energy Environ. Sci. 2015, 8, 3539–3544. [CrossRef]

46. Pan, X.-Y.; Yang, M.-Q.; Fu, X.-Z.; Zhang, N.; Xu, Y.-J. Defective TiO2 with oxygen vacancies: Synthesis, properties and
photocatalytic applications. Nanoscale 2013, 5, 3601–3614. [CrossRef]

47. Kong, L.-N.; Jiang, Z.-Q.; Wang, C.-H.; Wan, F.-X.; Li, Y.-Y.; Wu, L.-Z.; Zhi, J.-F.; Zhang, X.-T.; Chen, S.-J.; Liu, Y.-C. Simple ethanol
impregnation treatment can enhance photocatalytic activity of TiO2 nanoparticles under visible-light irradiation. ACS Appl. Mater.
Interfaces 2015, 7, 7752–7758. [CrossRef]

48. Chen, F.; Liu, H.-Q.; Bagwasi, S.; Shen, X.-X.; Zhang, J.-L. Photocatalytic study of BiOCl for degradation of organic pollutants
under UV irradiation. J. Photoch. Photobiol. A 2010, 215, 76–80. [CrossRef]

49. Tsukamoto, D.; Shiro, A.; Shiraishi, Y.; Sugano, Y.; Ichikawa, S.; Tanaka, S.; Hirai, T. Photocatalytic H2O2 production from
ethanol/O2 system using TiO2 loaded with Au–Ag bimetallic alloy nanoparticles. ACS Catal. 2012, 2, 599–603. [CrossRef]

50. Xu, J.; Gao, Q.-Z.; Bai, X.-J.; Wang, Z.-P.; Zhu, Y.-F. Enhanced visible-light-induced photocatalytic degradation and disinfection
activities of oxidized porous g-C3N4 by loading Ag nanoparticles. Catal. Today 2019, 332, 227–235. [CrossRef]

51. Wang, Z.-Y.; Huang, Y.; Chen, L.; Chen, M.-J.; Cao, J.-J.; Ho, W.K.; Lee, S.C. In situ g-C3N4 self-sacrificial synthesis of a g-
C3N4/LaCO3OH heterostructure with strong interfacial charge transfer and separation for photocatalytic NO removal. J. Mater.
Chem. A 2018, 6, 972–981. [CrossRef]

http://doi.org/10.1002/adma.201806482
http://doi.org/10.1002/adfm.201703923
http://doi.org/10.1016/j.nanoen.2017.05.038
http://doi.org/10.1126/science.1200448
http://www.ncbi.nlm.nih.gov/pubmed/21252313
http://doi.org/10.1039/C5EE02443A
http://doi.org/10.1039/c3nr00476g
http://doi.org/10.1021/acsami.5b00888
http://doi.org/10.1016/j.jphotochem.2010.07.026
http://doi.org/10.1021/cs2006873
http://doi.org/10.1016/j.cattod.2018.07.024
http://doi.org/10.1039/C7TA09132J

	Introduction 
	Materials and Methods 
	Synthesis of Materials 
	Raw Materials 
	Synthesize of CB 
	Synthesize of BiOCl 

	Characterization 
	Photocatalytic Activity Experiment 

	Results 
	Structure and Composition 
	Morphology 
	Optical Properties 
	Photocatalytic Activity 
	Photoelectric Properties 
	Photocatalytic Mechanism 

	Conclusions 
	References

