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a double heterojunction between
graphite carbon nitride and anatase TiO2 with co-
exposed (101) and (001) faces for enhanced
photocatalytic degradation†

Jingjing Sun,‡a Lang Deng,‡a Jing Sun, *a Tingting Shen,*a Xikui Wang,b

Rusong Zhao, c Yiyao Zhanga and Baolin Wanga

This study aimed to promote the separation of photogenerated carriers and improve the redox

performance of graphite carbon nitride (g-C3N4) by synthesizing a double-heterojunction-structure

photocatalyst, g-C3N4/(101)-(001)-TiO2, through the solvothermal method. The photocatalyst comprised

a Z-system formed from g-C3N4 and the (101) plane of TiO2, as well as a surface heterojunction formed

from the (101) and (001) planes of TiO2. The results showed that g-C3N4/(101)-(001)-TiO2 had strong

photocatalytic activity and stable performance in the photodegradation of paracetamol. The active

species $O2
� and $OH were found to play important roles in the photocatalytic degradation of

paracetamol through a radical-quenching experiment. The charge-transfer mechanism was also

described in detail. Overall, this work provided a new strategy for the Z-system heterojunction and

opened up the application of this structure in the degradation of organic pollutants.
1. Introduction

Increased research attention is being paid to the environmental
correlation between drugs from the chemical industry and
hospitals and those used by humans and animals in the aquatic
environment.1 Take paracetamol, also known as 4-acetamino-
phen, which is a very common over-the-counter pain and fever
reliever.2 Given its high solubility and hydrophilicity, it easily
accumulates in aqueous environments.3 Even if the acetamin-
ophen concentration detected in an aquatic environment is
within the range of nanograms to micrograms per liter, the
possibility of adverse effects on aquatic organisms and humans
cannot be ruled out. These effects include acute and chronic
damage, accumulation in tissues, reproductive damage, and
inhibition of cell proliferation.4,5 To avoid further accumulation
of paracetamol in aquatic environments, the treatment of par-
acetamol wastewater should be given more attention. Advanced
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oxidation processes such as heterogeneous photocatalysis,
Fenton and photo-Fenton oxidation, ozonation, and UV/H2O2

are extensively used to treat many refractory organic
compounds.6 Considering that semiconductor-photocatalysis
technology driven by solar energy has the advantages of low
cost, effective degradation of pollutants, no secondary pollu-
tion, and ability to deal with environmental problems and lack
of resources, this technology is widely applied.

Many studies have shown that graphite carbon nitride (g-
C3N4) with a narrow band gap is an ideal photocatalyst. It has
the advantages of no heavy metals, good chemical and thermal
stabilities, easy preparation, low synthesis cost, and sensitivity
to visible light.7 Therefore, it is extensively used in photo-
catalytic hydrogen evolution, CO2 reduction, and degradation of
toxic organic pollutants.8–10 However, pure g-C3N4 material
cannot achieve an ideal visible-light response and has the
disadvantages of relatively small specic surface area, fast
recombination speed of photoelectron–hole pairs, and poor
electron conductivity, which limit its photocatalytic perfor-
mance.11 To improve the catalytic activity of g-C3N4, researchers
continue to attempt g-C3N4 modication.12–15

Among many photocatalysts, TiO2 is believed to be a eligible
candidate for forming a heterojunction with g-C3N4 due to their
matching band-edge position.16 The (101) and (001) planes of
TiO2 reportedly have strong reduction and oxidation properties,
respectively. One of the issues regarding the difference in
properties between the two (101) and (001) planes of TiO2 has
been discussed by researchers as reported in the literature.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Using theoretical and experimental studies, Yang et al. showed
that the (001) plane of anatase TiO2 is more active than the
thermodynamically stable (101) plane due to its higher surface
energy.17 In Han et al.'s experiments, methyl orange (MO) was
used as a probe molecule to study the photocatalytic properties,
showing that the (001) surface exhibited higher photocatalytic
activity than the (101) surface due to the high density of active
unsaturated titanium atoms and active surface oxygen atoms on
the (001) surface.18 When the two crystal planes are exposed at
the same time, a surface heterojunction that can effectively
inhibit the photogenerated electron–hole recombination forms
between them and enhances the photocatalytic performance of
anatase TiO2.19 Liang et al.20 used hydrothermal and calcination
methods to connect g-C3N4 and the (001) surfaces of to form two
type-II heterojunctions. The formation of the heterojunction
causes the catalyst to have a narrow band gap and to exhibit
obvious visible-light absorption. Similarly, Zhang et al.21 con-
nected g-C3N4 with the (001) plane of TiO2 to synthesize 2D/2D
g-C3N4/TiO2 nanosheets with a large area through solvent
evaporation. However, the difference is that the photocatalytic
system follows the charge-transfer mechanism of the Z-system.
The electrons of TiO2 could directly transfer to the valence band
with g-C3N4 and recombine with the remaining holes, thereby
achieving the purpose of photogenerated charge separation. In
the above two studies, a g-C3N4/TiO2 photocatalytic system is
designed, and the active groups $O2

� and h+ play crucial roles in
the system. The activity of the photocatalytic system varies with
the transport path of the photogenerated carrier. Given that the
g-C3N4 and (001) plane contained in TiO2 can form a single or
double-heterojunction structure, whether g-C3N4 forms
a double-heterojunction structure with the (101) surface of
(001)-(101)-TiO2 to completely utilize the photogenerated elec-
tron–holes and improve the photocatalytic performance
remains unknown.

In order to compound the two particles in different
morphologies, various compounding methods have been tried
by previous authors.22,23 According to the literature, g-C3N4/TiO2

photocatalysts have been synthesized by hydrothermal reaction
method, sol–gel method, and so template synthesis method,
etc24–26.

Li et al. synthesized g-C3N4/TiO2 hybrid photocatalysts by
changing the weight ratio of g-C3N4 under facile conditions by
a modied sol–gel technique.26 The results showed that heter-
ojunctions were formed between g-C3N4 and TiO2, and TiO2

nanoparticles were well dispersed on the g-C3N4 sheets.
Compared with pure g-C3N4 and TiO2, the g-C3N4/TiO2-80%
hybrid photocatalyst exhibited stronger visible light photo-
activity. The enhancement of the g-C3N4/TiO2 hybrid photo-
catalyst can be attributed to its relatively high adsorption
capacity and effective separation of photogenerated electron–
hole pairs. Fu et al. successfully prepared g-C3N4/TiO2 nano-
composites by a solid-state method using urea and TiO2 as
precursors, which exhibited enhanced absorption and photo-
catalytic properties in the visible region.27

In the present study, we prepared a double heterojunction of
anatase TiO2 with co-exposed (101) and (001) faces [(101)-(001)-
TiO2] and g-C3N4 through the solvothermal method. In this
© 2022 The Author(s). Published by the Royal Society of Chemistry
composite, g-C3N4 was closely connected with the (101) plane of
TiO2 to form a Z-system heterojunction. Due to the synergistic
effect between the Z-system heterojunction and the surface
heterojunction of (101)-(001)-TiO2, the separation of photo-
generated carriers and the photocatalytic activity were
improved. A possible charge-transfer mechanism on the double
heterojunction for the enhancement in photocatalytic activity of
g-C3N4/(101)-(001)-TiO2 composite was also proposed. The in
situ synthesis method has two advantages over traditional
synthesis methods: (i) the formation process of the composite
can be accurately controlled and followed. (ii) The relative
content of the two materials can be easily controlled, which
provides the possibility to obtain the microstructure clearly.28
2. Experimental methods
2.1 Experimental materials

The chemical reagents used in this experiment were analytically
pure and there was no further treatment and purication.
Commercial P25, urea, tetrabutyl titanate (C16H36O4Ti), hydro-
uoric acid (HF) and ethyl alcohol (EtOH) were purchased from
China National Pharmaceutical Group Chemical Reagent Co.,
Ltd. Paracetamol and methylene blue (MB) were purchased
from Shanghai Aladdin biochemical Technology Co., Ltd. The
water solvent used in the whole experiment was deionized
water.
2.2 Preparation of photocatalyst

2.2.1 Preparation of g-C3N4. g-C3N4 was prepared by simple
calcination.29 Simply, put 50 g urea into a porcelain crucible
with a lid, place it in a blast drying box until the urea is
completely dry, and then move it to a muffle furnace. At the
heating rate of 5 �Cmin�1, the temperature was raised to 550 �C
and kept for 3 h. Finally, the yellowish g-C3N4 powder was
obtained.

2.2.2 Preparation of g-C3N4/(101)-(001)-TiO2 composites. g-
C3N4/(101)-(001)-TiO2 composites were synthesized in situ by
solvothermal method. Firstly, 1.15 g of g-C3N4 powder was
added to the polytetrauoroethylene lining with the capacity of
100 mL containing 30 mL ethyl alcohol and stirred continuously
for 1 h until the solution was evenly mixed. Secondly, the 2.5 mL
of C16H36O4Ti solution and 0.3 mL of HF (40%) was slowly
added to the above solution and continued to stir 30 min. Then
the autoclave was transferred to the blast drying box and heated
continuously at 180 �C for 12 h.30 Aer the sample was cooled to
room temperature, it was centrifuged and washed with ethyl
alcohol and deionized water, and then dried to collect solids.
Finally, the solids were ground to powder and put in a crucible
with a lid and placed in the muffle furnace. The nal sample
was obtained by annealing at a heating rate of 5�Cmin�1, rising
to 550 �C and holding for 2 h. The purpose of annealing was to
remove organic matter and F ions from the sample. At the same
time, different proportions of g-C3N4/(101)-(001)-TiO2-x
composites were prepared by changing the amount of g-C3N4

powder (x¼ 1 : 2, 1 : 1, 2 : 1 and 3 : 1). Pure (101)-(001)-TiO2 was
prepared without adding g-C3N4, other conditions were the
RSC Adv., 2022, 12, 20206–20216 | 20207
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Scheme 1 Schematic diagram of the g-C3N4/(101)-(001)-TiO2 photocatalysts fabrication process.
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same. The preparation method of g-C3N4/P25 was placed in the
ESI.†30 Synthesis process of g-C3N4/(101)-(001)-TiO2 photo-
catalyst in Scheme 1.

2.3 Characterization analysis

The crystal structure and crystallinity of the samples were
characterized by X-ray diffraction (XRD D8 ADVANCE). Using
Cu-Ka as the radiation source, the measuring angle 2q was 5–
80�. The molecular structure and chemical groups of the
samples were analyzed by infrared spectroscopy (IR Affinity1s).
The test method is KBr pressing method, with air as the back-
ground, and the scanning range is 500–4000 cm�1. The
morphology, crystal plane and lattice of the samples were
characterized by transmission electron microscope (TEM) and
high resolution transmission electron microscope (HRTEM,
JEM-2100). The voltage of electron laser beam was 200 kV. X-ray
photoelectron spectroscopy (XPS, Thermo ESCALAB 250Xi) was
used to analyze the element composition and chemical valence
on the surface of the sample. Ultraviolet-visible spectropho-
tometer (UV-Vis DRS, UV-2550) was used to analyze the optical
absorption properties and reaction range of the samples. And
the barium sulfate (BaSO4) was used as the reference, and the
scanning range was 300–600 nm. Electron spin resonance
spectrometer (ESR, Bruker A300) was used to prove that the
photocatalyst could produce active free radicals aer illumina-
tion. The photocatalysts were irradiated with 300 W xenon
lamp, and the free radicals were detected by adding traps.

2.4 Photocatalytic performance study

2.4.1 Photocatalytic activity experiment. In this experiment,
paracetamol was used as the target pollutant to evaluate the
photocatalytic performance of the composite photocatalyst under
simulated solar radiation. For photocatalysts, the mass transfer
process of pollutants reaching the catalyst surfacemay be limited,
which results in lower photocatalytic efficiency. To solve this
problem, the prepared g-C3N4/(101)-(001)-TiO2 photocatalytic
20208 | RSC Adv., 2022, 12, 20206–20216
material was well ground. The milled photocatalysts were placed
in suspension and dispersed in the reaction system as a way to
perform photocatalytic degradation. The specic operation steps
are as follows: 0.1 g of the composite material was added to the
paracetamol or MB solution of 10 ppm of 100 mL, and the
solution was adsorbed by magnetic stirring for 1 h in the dark, so
that the solution reached the adsorption–desorption equilibrium.
The main purpose of this experiment is to exclude the interfer-
ence of adsorption properties during the photocatalytic degra-
dation of pollutants. Aer that, under the condition of magnetic
stirring, it was irradiated under the light source of 300 W xenon
lamp, which was equipped with a UV lter (l > 400 nm). A certain
amount of solution was extracted every hour and ltered by 0.22
mm lter membrane. And then the experimental data were
determined and analyzed by high performance liquid chroma-
tography (HPLC, LC-20A, Shimadzu, Japan). The main detection
conditions were as follows: the type of chromatographic column
was InertSustain C18 (4.6 � 250 mm); the mobile phase was
composed of methanol and water (35 : 65, v/v) and the ow rate
was 0.8 mL min�1; the detection wavelength was 245 nm; the
analysis time was 15 min; the column temperature was 35 �C and
the injection volume was 5 mL. The concentration of MB was
measured at 664 nm using a visible spectrophotometers (722N,
Shanghai Precision & Scientic Instrument Co., Ltd.).

2.4.2 Active free radical capture experiment. In the photo-
catalytic reaction, in order to determine the active species that
play crucial roles in the photocatalytic degradation process,
hole trapping agent or free radical trapping agent was usually
added to the photocatalytic reaction system. In this experiment,
EDTA-2Na was used as the inhibitor of hole (h+), p-benzoqui-
none (BQ) was used as the inhibitor of superoxide radical
($O2

�), and isopropanol (IPA) was used as the inhibitor of
hydroxyl radical ($OH). The dosage of capture agent was 2 mM,
0.01 g and 10 mM, respectively. Before avoiding light adsorp-
tion, the above trapping agents were added to the reaction
system, and the other steps were the same as 2.4.1, from which
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 IR patterns of g-C3N4, (101)-(001)-TiO2 and g-C3N4/(101)-
(001)-TiO2-x.
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the types of active free radicals in the process of photocatalytic
degradation of paracetamol were determined.

3. Results and discussion
3.1 X-ray diffraction (XRD) analysis

The XRD patterns of g-C3N4, (101)-(001)-TiO2 and different
proportions of g-C3N4/(101)-(001)-TiO2 analyzed by X-ray diffrac-
tometer are shown in Fig. 1. Fig. 1(a) shows that two typical
diffraction peaks of g-C3N4 were observed near 2q ¼ 27.5� and
13.1�, corresponding to the (002) and (100) planes of g-C3N4,
respectively.31 Consistent with the standard data of g-C3N4 (JCPDS
No. 87-1526).32 The diffraction peaks of (101)-(001)-TiO2 at 25.3�,
37.8�, 48.0�, 53.9�, 55.1�, and 62.7� corresponded to the crystal
planes of anatase TiO2 (PDF#84-1285).17 The diffraction peaks of g-
C3N4/(101)-(001)-TiO2 composites with different ratios were
similar to those of pure anatase (101)-(001)-TiO2, but no charac-
teristic peak of pure g-C3N4 was observed, whichwas primarily due
to the poor crystallinity of g-C3N4, and the relatively small amount
of g-C3N4 in g-C3N4/(101)-(001)-TiO2 heterojunctions.33,34 In addi-
tion, no other diffraction peaks were found in the diffraction
pattern of the composite photocatalysts, indicating that the
synthesized composites had high purity and did not produce
other by-products. Fig. 1(b) is an enlarged image of the virtual box
in Fig. 1(a). Compared with pure anatase (101)-(001)-TiO2, with
increased g-C3N4 addition, the diffraction peak intensity of the
composites weakened and the broadening degree enlarged.

Notably, the diffraction peak of g-C3N4/(101)-(001)-TiO2

composites moved to a higher diffraction angle by about 0.3�

and 0.1�. The possible reason is the replacement of Ti4+ by C4+

of g-C3N4. The interlayer distance of g-C3N4/(101)-(001)-TiO2

composites is reduced according to the Bragg equation 2d sinq
¼ nl.35 In summary, a strong interaction existed between g-C3N4

and (101)-(001)-TiO2.

3.2 Infrared (IR) analysis

The molecular structure and chemical groups of the samples
were analyzed by IR spectroscopy, and the results are shown in
Fig. 1 XRD patterns of g-C3N4, (101)-(001)-TiO2, and g-C3N4/(101)-(00

© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. 2. For (101)-(001)-TiO2, it had a wide peak near 500 cm�1,
which was primarily attributed to the stretching vibration of Ti–
O–Ti and Ti–O.36 The sharp characteristic peak in 1631 cm�1

corresponded to the bending vibration of O–H in the H2O
molecule. g-C3N4 had two main IR broad peaks. The charac-
teristic peak at 1200–1650 cm�1 was the typical stretching
vibration of the C–N heterocycle, the characteristic peak at
1635 cm�1 was the stretching vibration mode of sp2 C]N, and
the characteristic peaks at 1244, 1408, and 1568 cm�1 corre-
sponded to the stretching vibration of the aromatic sp3 C–N
bond. The other absorption band was at 3000–3300 cm�1, which
corresponded to the stretching vibration mode of the terminal
NH group. The characteristic peak at 809 cm�1 corresponded to
the respiratory pattern of the triazine unit.37,38 For different
proportions of g-C3N4/(101)-(001)-TiO2 hybrid materials, the
main characteristic peaks of all hybrid materials were clearly
seen, indicating that g-C3N4 and (101)-(001)-TiO2 composite
successfully formed. Notably, the absorption peak at 3300–
1)-TiO2-x (a). Enlarged map of the dashed line (b).

RSC Adv., 2022, 12, 20206–20216 | 20209
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3500 cm�1 corresponded to the stretching vibration of NH/
OH,20 indicating a large number of OH groups on the surface of
g-C3N4/(101)-(001)-TiO2, which beneted the photocatalytic
redox reaction in contact with organic pollutants.
3.3 TEM and HRTEM analysis

The morphology and microstructure of individual and synthe-
tized samples were characterized by TEM and HRTEM, and
results are shown in Fig. 3. Fig. 3(a) shows a layered structure of
g-C3N4, in which the middle layer may be stacked, indicating
a at graphite structure. Fig. 3(b) shows that (101)-(001)-TiO2

nanocrystals had a typical truncated, octahedral, double-cone
structure comprising eight isosceles trapezoidal (101) faces
and two square (001) faces. The side length of the (001) face was
9.7 nm, which was also the upper side length of the (101) face,
and the lower side length of the (101) face was 18.3 nm. It is
calculated that the anatase TiO2 nanocrystals contained 12.6%
(001) faces and 87.4% (101) faces by using the equations19

shown in the ESI.† Fig. 3(c) and (d) are the HRTEM images of
(101)-(001)-TiO2. It had crystal planes with lattice spacings of
0.224 and 0.3496 nm, which corresponded to the (001) and (101)
faces of anatase TiO2, respectively.39 Fig. 3(e) and (f) show the
image of g-C3N4/(101)-(001)-TiO2, in which the g-C3N4 surface
was found to be closely packed by nano-(101)-(001)-TiO2, TiO2 is
Fig. 3 TEM images of g-C3N4 (a), (101)-(001)-TiO2 (b), and g-C3N4/(101)-
are the enlarged portion of the dashed line in images (c) and (e), respec

20210 | RSC Adv., 2022, 12, 20206–20216
randomly distributed on the crushedmultilayers of g-C3N4. This
nding indicated a good combination of g-C3N4 and the (101)
face of anatase TiO2. Thus, the heterostructure formed on the
surface of the two semiconductors was an ideal structure for
accelerating charge transfer.25,40 Based on the above analysis, we
determined that the anatase TiO2 in g-C3N4/(101)-(001)-TiO2

samples had jointly exposed (001) and (101) crystal faces. The
results of XRD, IR, and HRTEM analyses demonstrated that
composites comprising g-C3N4 and (101)-(001)-TiO2 were
successfully prepared.
3.4 X-ray photoelectron spectroscopy (XPS) analysis

XPS was used to analyze the element composition and chemical
valence on the surface of the samples. Fig. 4(a) shows the
existence of C, O, and Ti in the g-C3N4/(101)-(001)-TiO2 hybrid
material. The intensity of the characteristic peak of C element
weakened, and the N element basically disappeared. The
possible reason was that (101)-(001)-TiO2 completely covered
the surface of g-C3N4. Notably, XPS analyzed the composition
and chemical states of the composite surface, so C and N
elements could not be detected to a great extent. This nding
coincided with the results of XRD, IR, and TEM. The C 1s
spectrum of g-C3N4 (Fig. S1(a)†) revealed that it had two main
peaks at 284.8 eV (C–C) and 288.3 eV (N–C]N).41 Thus, the
(001)-TiO2 (e). HRTEM images of (101)-(001)-TiO2 (c). Images (d) and (f)
tively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of g-C3N4/(101)-(001)-TiO2 hybrid material: survey spectra (a), C 1s spectra (b), O 1s spectra (c), and Ti 2p spectra (d).

Fig. 5 UV-vis diffuse-reflectance spectra of the photocatalysts.
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recombination of g-C3N4 and (101)-(001)-TiO2 affected the
binding energy of C 1s, and the main peaks of C–C and N–C]N
bonds shied to 284.7 and 288.6 eV, respectively (Fig. 4(b)). The
signal intensity of C–C weakened, indicating that the N and C
species in g-C3N4 were active centers.42

At the same time, the characteristic peak of N–C (286.2 eV)
was attributed to the existence of sp2 hybrid carbon atoms with
defects in the graphite structure.43 Accordingly, the intensity of
the N 1s main peak of the hybrid material g-C3N4/(101)-(001)-
TiO2 considerably weakened, as shown in Fig. S3.† Pure g-C3N4

showed three N 1s peaks at binding energies of 398.5, 399.0, and
400.5 eV, corresponding to C]N–C, N–C3, and C–N–H, respec-
tively (Fig. S1(b)†). However, when compounded with TiO2, the
binding energies of N–C3 and C–N–H shied to high binding
energies of 399.4 and 401.0 eV, respectively. Therefore, the
spectral line of Ti 2p of g-C3N4/(101)-(001)-TiO2 shied to the
region of low binding energy (Fig. 4(d)). Themain peaks of Ti 2p3/
2 and Ti 2p1/2 of the composites were at 458.7 and 464.4 eV,
respectively, whereas the main peaks of Ti 2p3/2 and Ti 2p1/2 of
pure (101)-(001)-TiO2 were at 458.8 and 464.5 eV, respectively
(Fig. S2(b)†). Specic details of the peaks are given in Tables S1–
S4.† The relatively low binding energy of Ti 2p and the relatively
high binding energy of N 1s in the composite g-C3N4/(101)-(001)-
TiO2 were attributed to the transfer of electrons from Ti to N,
proving a strong interaction between Ti and N.19 The main
characteristic peaks of C–O–Ti (529.9 eV) and N–C–O (531.7 eV)
appeared in the O 1s spectrum of the hybrid material (Fig. 4(c)),
indicating that oxidation occurred during the hydrothermal
process and that g-C3N4/(101)-(001)-TiO2 was successfully
© 2022 The Author(s). Published by the Royal Society of Chemistry
synthesized.44 The results proves the successful synthesis of g-
C3N4/(101)-(001)-TiO2 heterojunction photocatalysts.
3.5 UV-vis DRS analysis

The spectra and bandgap widths of the samples obtained by UV-
vis DRS analysis are shown in Fig. 5 and S4,† respectively. The
band-gap widths of g-C3N4 and (101)-(001)-TiO2 estimated by
the Tauc plot method45 were 2.69 and 3.0 eV, respectively (ESI,
Fig. S4†). For (101)-(001)-TiO2, it showed strong absorption
within the wavelength range of l < 410 nm, which well agreed
RSC Adv., 2022, 12, 20206–20216 | 20211
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with the original band gap of anatase TiO2. The band-gap
absorption edge of g-C3N4 was about 460 nm, consistent with
the intrinsic band gap of g-C3N4.46 Compared with g-C3N4 and
(101)-(001)-TiO2, the absorption wavelength of the hybrid
material red shied. The modication of g-C3N4 by (101)-(001)-
TiO2 signicantly inuenced the broadening of the visible-light
absorption range. Notably, the spectral curve of g-C3N4/(101)-
(001)-TiO2 hybrid material bulged and showed themost obvious
red shi at 400 nm. This suggests that the g-C3N4/(101)-(001)-
TiO2 samples exhibit a better visible light response. It may be
due to the synergistic effect between g-C3N4 and (101)-(001)-
TiO2 causing a change in the spatial structure, which in turn
causes a red shi.47

Another reason may be the rearrangement of energy levels
caused by the formation of chemical bonds (such as Ti–O–C and
C–O–C covalent bond) between g-C3N4 and (101)-(001)-TiO2,
resulting in the redshi of the absorption-band edge.48

Combining the UV-Vis DRS results with the above character-
ization results clearly indicates that the formation of the
composites may be due to chemical bonding between the g-
C3N4 and (101)-(001)-TiO2 interfaces rather than a physical
mixture of g-C3N4/(101)-(001)-TiO2.
3.6 Analysis of photocatalytic performance

The photocatalytic activity of the composite photocatalysts with
different ratios was investigated by the photocatalytic degrada-
tion of paracetamol solution under the irradiation of a 300 W
xenon lamp (l > 420 nm), simulating sunlight. As shown in
Fig. 6, when the solution of paracetamol was irradiated directly
with a xenon lamp in the absence of photocatalyst, almost no
degradation of paracetamol solution occurred, indicating that
paracetamol was stable under direct light and cannot be pho-
todegraded. Moreover, the photocatalytic system formed by g-
C3N4, (101)-(001)-TiO2 and four groups of different-ratio g-C3N4/
(101)-(001)-TiO2 composites could all cause the degradation of
paracetamol. When the content of g-C3N4 was twice that of
(101)-(001)-TiO2, the composite showed excellent photocatalytic
Fig. 6 Photocatalytic degradation of paracetamol by different photo-
catalysts under the irradiation of a 300 W xenon lamp (l > 420 nm).

20212 | RSC Adv., 2022, 12, 20206–20216
activity, and photodegradation efficiency reached 66.49%
within 6 h (Fig. S5†). The photocatalytic degradation rate37 of
paracetamol by g-C3N4/(101)-(001)-TiO2 ¼ 2 : 1 was 0.1746 h�1,
which was 1.69 and 4.14 times higher than that of g-C3N4 and
(101)-(001)-TiO2, respectively (Table S5†). For comparison, MB
was photocatalyzed by g-C3N4/(101)-(001)-TiO2 and P25 at the
same time, and the composite also showed strong photo-
catalytic performance (Fig. S6†). Moreover, aer four repeated
degradation experiments (Fig. 7(a)), the degradation effect of
the catalyst on paracetamol was almost the same, indicating
that the composite could be reused and had good light stability.
This nding was also by the XRD patterns of the sample
collected aer cycle experiments (Fig. 7(b)).

On this basis, we explored the effects of HF amount in the
preparation process, the solution pH, and interfering ions in
the reaction system on photocatalytic activity. As a surface-
control agent for crystal-surface growth, the addition amount
of HF played an important role in inuencing the exposure of
the (001) surface of anatase TiO2. A greater HF amount led to
a greater proportion of exposed (001) surface. Consequently, the
morphology of TiO2 changed from octahedral bipyramid to
nanoplates or nanosheets.49 Fig. 8 shows that with increased HF
Fig. 7 Cyclic photocatalytic degradations of paracetamol in the
presence of g-C3N4/(101)-(001)-TiO2 ¼ 2 : 1 (a). XRD patterns of the
sample before and after the cycle experiments (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Effect of HF dosage on the photocatalytic activity of the
reaction system.
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dosage, the photocatalytic degradation of paracetamol by g-
C3N4/(101)-(001)-TiO2 ¼ 2 : 1 decreased. The increase in the
(001) plane proportion led to decreased photocatalytic perfor-
mance. Therefore, the heterostructure formed by g-C3N4 and
anatase TiO2 with a large ratio of (101) surface was more
effective in degrading paracetamol.

In addition to paracetamol within the range of nanograms to
micrograms per liter, many metal ions, inorganic nonmetal
ions, and humus are present in aqueous environments. The
aqueous pH and the presence of ions could also affect the
reaction system. Fig. S7 and S8† show the effects of pH and
interfering ions (humus, Cl�, SO4

2�, and NO3
�), respectively.

When the reaction solution is pH 7, g-C3N4/(101)-(001)-TiO2 had
the best degradation effect on paracetamol. The existence of
humic acid, Cl�, SO4

2�, and NO3
� also had a slight effect on the

reaction system, but g-C3N4/(101)-(001)-TiO2 still had a certain
degradation effect on paracetamol, indicating that it could
selectively degrade paracetamol molecules in solution during
photocatalytic reaction.
Fig. 9 Effects of different capture agents on the photocatalytic degradati
adducts trapped by DMPO in g-C3N4/(101)-(001)-TiO2 dispersion as a fu
DMPO-$O2

� and in aqueous solution for DMPO-$OH) (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
3.7 Analysis of photocatalytic mechanism

To explore the catalytic mechanism of photocatalytic reaction,
the main active species in g-C3N4, (101)-(001)-TiO2, and g-C3N4/
(101)-(001)-TiO2 composite photocatalytic systems were detec-
ted by free radical-quenching experiments. Fig. 9(a) shows that
different traps had various effects on paracetamol photo-
degradation. When BQ or IPA was used as a trapping agent, the
photocatalytic-degradation efficiency of the three photocatalytic
systems decreased signicantly, and the inhibition effect of
adding BQ becamemore obvious, indicating that $O2

� and $OH
were the main active species. In the presence of EDTA-2Na, the
photodegradation efficiency of the (101)-(001)-TiO2 photo-
catalysis system obviously decreased, whereas that of the g-
C3N4/(101)-(001)-TiO2 photocatalysis system did not decrease
signicantly. Meanwhile, the degradation efficiency of para-
cetamol by the g-C3N4 photocatalysis system increased. The
possible reason for this phenomenon was that EDTA-2Na
promoted the separation of photogenerated electron–hole
pairs by capturing holes. The separated electrons transferred
onto the catalyst surface and reacted with molecular oxygen to
produce $O2

�. It was involved in the photocatalytic redox reac-
tion of paracetamol, thereby improving the efficiency of pho-
tocatalytic degradation. In the composite photocatalytic system,
the degradation efficiency of paracetamol was only slightly
reduced due to the capture of h+, indicating h+ was not the main
species for the photocatalytic degradation of paracetamol.

To prove the results obtained from the above capture experi-
ments, the existence of $O2

� and $OH free radicals was further
conrmed by ESR, as shown in Fig. 9(b). No ESR signal was
detected under dark conditions. Aer light irradiation for 10min,
six typical peaks of DMPO-$O2

� and four characteristic peaks of
DMPO-$OH could be clearly observed in the composite photo-
catalytic systems. The energy band of g-C3N4 and (101)-(001)-TiO2

could be calculated by the following relations (1) and (2):

EVB ¼ c � Ee + 0.5Eg (1)
on of paracetamol by different photocatalysts (a). ESR spectra of radical
nction of time under dark and visible light (in methanol dispersion for

RSC Adv., 2022, 12, 20206–20216 | 20213
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ECB ¼ EVB � Eg (2)

where EVB and ECB are the band-edge potentials of valence and
conduction bands, respectively; Ee is the energy of free electrons
with the hydrogen scale (�4.5 eV); c is the absolute electro-
negativity of the semiconductor; and Eg is the band gap of
semiconductor in electron volts.50,51 In the present study, the
highest EVB and ECB potentials of g-C3N4 (�2.69 eV) were 1.58
and �1.11 eV. The band gap of (101)-(001)-TiO2 was �3.0 eV,
and the estimated EVB and ECB potentials were 2.18 and
�0.82 eV, respectively. Yu et al. calculated the electronic struc-
tures of the (001) and (101) crystal planes by rst-principles
quantum chemistry, and the Fermi energy levels of the (001)
planes enter their valence bands.52 However, the Fermi energy
level of the (101) face is still located at the top of the valence
band of the (101) face. Since the (001) and (101) facets are in
contact with each other, their Fermi energy levels should be
equal. In this regard, the (001) and (101) surfaces can form
a surface heterojunction, which facilitates the transfer and
separation of photogenerated electrons and holes.39,53 The
percentage of exposed (001) and (101) surfaces reaches its
optimum at an increase of 0.3 mL of HF amount. In this case,
electron and hole pairs can efficiently migrate to the (101) and
(001) surfaces, respectively. However, further increasing the
number of (001) facets on the TiO2 surface may lead to the effect
of electron spillover to the (101) facets.52

Based on the above results, we proposed a possible reaction
mechanism to explain the enhanced photocatalytic activity of
the composites, as shown in Fig. 10. First, considering the
surface heterostructure of (101)-(001)-TiO2, the photogenerated
electrons produced by the (001) plane of TiO2 rapidly trans-
ferred to the (101) plane, and the photogenerated holes trans-
ferred to the (001) plane under visible-light irradiation. Second,
Fig. 10 Proposed bandgap structure and mechanism for the photode
irradiation.

20214 | RSC Adv., 2022, 12, 20206–20216
we inferred that the Z-type heterostructure formed on the g-
C3N4 with the (101) plane of TiO2, rather than with the (001)
plane. On one hand, due to the valence-band energy level of g-
C3N4 being more positive than that of (101)-(001)-TiO2, the
photogenerated hole was nally transferred to the valence band
of g-C3N4. However, the EVB value (1.58 eV vs. NHE) of g-C3N4

was lower than the standard redox potential (1.99 eV vs. NHE) of
$OH/OH� and the standard redox potential (2.37 eV vs. NHE) of
$OH/H2O, which did not produce $OH radicals54,55 (this point
could be proven by Fig. S9†).

However, capture experiments and ESR results proved the
existence of $OH free radicals and its role as the main active
group of the reaction system. The photogenerated holes
generated by the (101) plane of TiO2 transferred to the (001)
plane and reacted with the adsorbed water to produce $OH
radicals. Therefore, the (101) surface of TiO2 was loaded on g-
C3N4. On the other hand, the conduction-band energy level of g-
C3N4 was more negative than that of TiO2, and the electrons
produced by photoexcited g-C3N4 reacted more easily with
molecular oxygen to form $O2

�. The electrons produced by TiO2

remained on the conduction band of the (101) plane, and they
recombined with the holes remaining in the g-C3N4 valence
band, thereby promoting the separation of photogenerated
carriers. In this case, the transfer pathway of photogenerated
carriers on the heterojunction interface between the g-C3N4 and
the (101) plane of TiO2 followed the direct Z system. In
summary, the composite of g-C3N4 and (101)-(001)-TiO2 formed
a double-heterojunction structure, i.e., a surface hetero-
structure between the (101) and (001) surfaces of TiO2 and a Z-
type heterojunction between the g-C3N4 and (001) crystal
surfaces, which accelerated the separation and transfer rate of
photogenerated charges, enhanced the photocatalytic perfor-
mance, and effectively degraded organic pollutants.
gradation of pollutant by g-C3N4/(101)-(001)-TiO2 under visible-light

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

g-C3N4 and anatase TiO2 with co-exposed (101) and (001) planes
formed a double heterojunction through the solvothermal
method, that is, the Z-system formed by g-C3N4 and the (101)
plane of TiO2 and the surface heterojunction formed by the
(101) and (001) planes. Under visible light irradiation, the g-
C3N4/(101)-(001)-TiO2 hybridmaterial showed good degradation
activity for paracetamol with the reaction-rate constants 1.69
and 4.14 times higher than that of pure g-C3N4 and (101)-(001)-
TiO2, respectively. In the paracetamol photo-degradation
process, $O2

� and $OH were the main active species in the
composite photocatalytic system. This point differed from those
in other literature, in which the main active species in g-C3N4/
TiO2 system were $O2

� and h+. On this basis, a possible charge-
transfer mechanism was proposed. Specically, under visible-
light irradiation, the electrons on the conduction band of the
(001) plane of TiO2 transferred to the (101) surface and nally
recombined with the holes on the valence band of g-C3N4. The
holes on the (101) plane then transferred to the (001) plane and
reacted with the water molecules adsorbed on the surface of the
material to produce $OH. The photogenerated electrons
produced by g-C3N4 directly reduced oxygen molecules to $O2

�.
This double heterojunction promoted the separation of photo-
generated carriers and enhanced the redox ability of g-C3N4/
(101)-(001)-TiO2. Overall, this work provided a new strategy for
the development of a photocatalytic system with Z-system het-
erojunction to fulll their potential in the degradation of
organic pollutants.
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