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a b s t r a c t
The heterojunction P25/g-C3N4 was successfully prepared by one-step method, and the phase 
structures, optical properties, morphology, charge separation, and transfer efficiency of obtained 
samples were characterized by X-ray diffraction, UV-visible, Fourier transform infrared, scan-
ning electron microscopy, transmission electron microscopy, photoluminescence spectroscopy, 
respectively. The photocatalytic ozonation activity of samples was systematically evaluated by 
degrading 2.4-D under visible light irradiation. The results showed that P25/g-C3N4 heterojunction 
has remarkable catalytic activity and 3 wt.%-P25/g-C3N4 shows the best photocatalytic ozonation 
activity of 2,4-D (90.2%, 30 min, 30 mL/min O3). The synergy factor between photocatalysis and 
ozonation is 9.34, indicating that increased synergy rate between photocatalysis and ozonation 
during the reaction. The cycling experiments show that catalyst 3 wt.%-P25/g-C3N4 has good stabil-
ity and the trapping experiments indicate the main active substance in the reaction are •O3

– and •OH.
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1. Introduction

In recent decades, herbicide pesticides have been widely 
used in modern agriculture. However, since the natural 
degradation rate of chemical pollutants is very slow, the 
accumulated residual herbicides has caused serious damage 
to the soil, water, and human health [1,2]. Semiconductor 

photocatalytic oxidation technology has been paid much 
attention to the treatment of chemical pollution due to their 
remarkable photocatalytic performance [3,4]. But photo-
catalytic activity of semiconductor photocatalytic catalyst 
was limited by its high recombination rate of photoinduced 
electrons, which seriously restricts its further practical appli-
cation [5,6]. In order to resolve this problem, combining 
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photocatalysis with other technologies has been arranged. 
Recently, photocatalytic ozonation, combining ozone oxida-
tion, and photocatalytic oxidation is an ideal strategy for the 
treatment of the toxic and refractory organic pollutants [7]. 
The introduction of O3 have strong scavenger effect, the 
surface electrons of semiconductor photocatalysts can be 
quickly trapped and used to produce •O3

–, which could sig-
nificantly promote the charge separation efficiency and fur-
ther transform into hydroxyl radicals [8]. Therefore, there 
have more and more studies on the photocatalytic ozona-
tion degradation of refractory organic pollutants and the 
combination of ozonation and photocatalysis is proved to be 
one of the most effective ways to enhance the performance 
of semiconductor photocatalytic catalyst [9,10]. For exam-
ple, Li et al. [11] reported that LaFeO3 nanoparticles can 
degrade 97% 2,4-D with the ozone concentration of 60 mL/
min under visible light irradiation. It is mainly attributed 
to the synergistic effects between photocatalysis and ozo-
nation owing to the powerful scavenger effect of ozone 
and strong activity of •OH. Sheydaei et al. [12] immobi-
lize N–TiO2 and GO on the surface of titan grid sheet and 
degraded cefixime under the visible light irradiation by 
the different process. The photocatalytic ozonation exhibit 
the highest degradation rate due to the synergism between 
N–TiO2/GO photocatalyst and ozonation.

g-C3N4 is a kind of is a polymer semiconductor contain-
ing only two non-metal elements of carbon and nitrogen 
with narrower band gap (Eg = 2.7 eV) [13]. In 2009, Chen 
et al. [14] first reported the breakthrough of that semi-
conductor photocatalyst g-C3N4 catalyzed water to pro-
duce hydrogen and oxygen under visible light irradiation, 
thereafter g-C3N4 is considered to be a cheap, stable, and 
green photocatalyst due to low synthesis costs, environ-
mental friendliness, simple operation, and high thermal 
and chemical stability [15,16]. In order to further improve 
the catalytic activity of g-C3N4, on the one hand research-
ers usually combined photolysis of g-C3N4 and ozonation, 
on the other hand they improved light absorption capac-
ity and electron-hole separation efficiency of g-C3N4 by 
doping metal/nonmetal ion [17,18], loading precious met-
als [19], synthesis of composites [20,21], and formation of 
heterojunctions [22,23], etc. Theoretically, the construction 
of heterojunction composite photocatalyst is the simplest 
and effective method to suppress photo-generated carriers’ 
recombination by steering the charge kinetics [24]. TiO2 is 
one of the most promising semiconductor photocatalytic 
materials due to the advantages of high stability, nontox-
icity, and low-cost [25]. When TiO2 combined with g-C3N4, 
g-C3N4 could be easily excited under visible light, but it is 
hard for TiO2. However, the photo-generated electrons on 
the conduction band(CB) of g-C3N4 would be transferred to 
the CB of TiO2 and the photo-generated holes on the valence 
band (VB) of TiO2 would be transferred to the VB of g-C3N4, 
which can effectively promote the transfer of photo-gener-
ated charges. To the best knowledge of the authors, some 
references on TiO2/g-C3N4 binary catalyst have been already 
reported [26–28], but these investigations are mainly focus-
ing on organic pollutant degradation [26], photocatalytic 
hydrogen production [27], and carbon dioxide reduction 
[28], the photocatalytic ozonation of 2,4-dichlorophenoxy-
acetic acid has not been reported, yet.

In this paper, a series of P25/g-C3N4 composite photo-
catalyst was prepared by one-step roasting method, and 
the photocatalytic performance of composites to degrade 
2,4-D under visible light irradiation conditions was 
explored. The P25/g-C3N4 composite photocatalyst was 
combined with ozone to explore the synergistic effect of 
photocatalysis and ozonation, and the possible degradation 
mechanism were also discussed. We hope that the research 
in this article can provide a theoretical basis for the practical 
application of P25/g-C3N4 composite photocatalyst.

2. Material and methods

2.1. Material

All chemicals in this study were of analytical grade 
without any further purification. Melamine (AR, CH4N2O), 
P25 (AR, TiO2), and ethanol (AR, C2H5OH) were purchased 
from Sinopharm Chemical Reagent Co., Ltd., (Beijing, China). 
2,4-D was purchased from Shanghai Zhanyun Chemical Co., 
Ltd., (Shanghai, China).

2.2. Preparation of catalysts

P25/g-C3N4 photocatalyst were prepared by one-step 
roasting method. Firstly, P25 and melamine were ground 
and mixed thoroughly. Then, the mixtures were placed in 
covered ceramic crucible and calcinated at 550°C for 4 h in 
a muffle furnace. After cooling down to room temperature, 
the bright yellow product was successfully prepared. In the 
experiment, when the mass ratio of the raw material P25 
and melamine was 1:100, 3:100, and 5:100, the final product 
obtained was 1 wt.%-P25/g-C3N4, 3 wt.%-P25/g-C3N4, and 
5 wt.%-P25/g-C3N4 respectively, which can be labeled as 
1%-P/CN, 3%-P/CN, and 5%-P/CN. As comparison, mate-
rials melamine and calcined P25 were also processed in the 
same routine to obtain g-C3N4 and P25 calcined, respectively. 
The as-prepared P25 calcine sample was labeled as “PC”.

2.3. Characterization

Powder X-ray diffraction (XRD) patterns of samples 
were obtained using by Bruker D8 advance diffractometer 
(Germany) with Cu-Kα radiation (λ = 0.15418 nm). Fourier 
transform infrared spectroscopy (FT-IR) was measurement 
on affinity-1 FT-IR spectrometer using conventional KBr pel-
lets in the range of 4,000–500 cm–1. The UV-vis diffuse reflec-
tance spectra (DRS) were characterized by Shimadzu UV2550 
UV-visible spectrophotometer (Japan) with BaSO4 as a refer-
ence. The scanning electron microscopy (SEM) images were 
observed by Hitachi S-4800 cold field emission scanning 
electron microscopy (Japan). The UV-vis DRS were charac-
terized by Shimadzu UV2550 UV-visible spectrophotome-
ter (Japan) with BaSO4 as a reference. Photoluminescence 
(PL) study was recorded on fluorolog-TCSPC luminescence 
spectrometer. Electrochemical analysis was conducted on a 
CHI 760C workstation. The transient photocurrent responses 
analysis was conducted in 0.5 M Na2SO4 electrolyte under 
300 W Xe lamp irradiation. Electrochemical impedance 
spectroscopy (EIS) was recorded by using an alternat-
ing voltage of 5 mV amplitude in the frequency range of 
105 to 10−2 Hz with the open-circuit voltage in 0.5 M Na2SO4.
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2.4. Evaluation of photocatalytic activity

The catalytic performance of the P25/g-C3N4 was tested 
by the photocatalytic ozonation experiment of 2,4-D. 
During the experiment, 0.05 g as-prepared catalyst was 
added into 100 mL 10 mg/L 2,4-D solution. Then, the sus-
pension was stirred in the dark for 30 min to reach 2,4-D 
adsorption–desorption equilibrium. After that, the suspen-
sion was irradiated by a 300 W xenon lamp (λ > 420 nm), 
and ozone was introduced into suspension at a flow rate of 
30 mL/min and a concentration of 14.2 mg/L. The suspen-
sion of calcined-P25 and P25/g-C3N4 would be sampled at 
intervals of 5 min while that of P25 was sampled at intervals 
of 10 min. Finally, the supernatant was collected by centrif-
ugation and the concentration of 2,4-D of the supernatant 
was measured using an UV-2450 UV-vis spectrophotometer 
at λmax = 283 nm. The degradation rate was calculated by the 
following formula:

Degradation % %.( ) 
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where A0 is the absorbance of the solution when the 2,4-D 
first reached the adsorption-desorption equilibrium, Ai is 
the absorbance of the solution after reacting for x minutes.

2.5. Active radicals capture experiments

The active radicals capture experiment was conducted 
to investigate the photocatalytic mechanism of 2,4-D degra-
dation. In order to capture the generated hydroxyl radicals 
(•OH), holes (h+), and •O3

–, 1 mmol tert-butyl alcohol (TBA), 
ethylenediaminetetraacetic acid disodium (EDTA-2Na), 
and trichloromethane (CHCl3) was added into the catalyst 
suspension in the catalyst photocatalytic ozonation experi-
ments, respectively.

3. Results and discussion

3.1. XRD and FI-IR

The crystallographic structures of the obtained sam-
ples were analyzed by XRD and the results are shown in 
Fig. 1. It can be seen that pure g-C3N4 sample display two 
characteristic diffraction peaks at 13.1° and 27.4°, corre-
sponding to its (100) and (002) crystal faces, respectively, 
indicating that the in-plane structural packing motif and 
the inter-planar stacking of aromatic system [19]. For the 
pure P25 samples, a series of characteristic diffraction peaks 
located at 25.7°, 38.4°, 48.6°, 54.4°, 55.4°, and 63.2°, which 
corresponds to its (101), (004), (200), (105), (211), and (204) 
faces, respectively [26]. After calcining, the crystal form of 
P25 Calcined did not change. In the case of the composite 
photocatalysts P25/g-C3N4, the characteristic diffraction 
peaks of g-C3N4 and P25 are well coexist in the patterns. 
Moreover, the intensity of the g-C3N4 diffraction peak is 
weakened as its proportion in the heterojunction P25/g-C3N4 
decreases, while the diffraction peak of P25 is strengthened. 
The good crystallinity and purity of the composites implied 
that the P25/g-C3N4 heterostructure had been synthesized 

successfully. Furthermore, the coexist of the main char-
acteristic peaks of P25 and /g-C3N4 means the successful 
combination between P25 and g-C3N4. To explore the sur-
face functional groups and the interaction between P25 and 
g-C3N4, the FT-IR spectra of g-C3N4, P25 and 3%-P/CN are 
displayed in Fig. 2. There are a series of peaks at 1,464; 1,381; 
and 1,253 cm–1 in the composite photocatalyst, which are 
assigned to the stretching vibration of C–N and C=N [29]. 
The peak located at 1,627 and 472 cm–1 is ascribed to the C=N 
stretching vibration and the typical stretching vibration of 
Ti–O–Ti, respectively [30]. The above analysis demonstrates 
that catalysts P25/g-C3N4 were well prepared. Notably, the 
spectrum of 3%-P/CN samples includes the characteristic 
peaks of P25 and g-C3N4, which further means that the suc-
cessful formation of composite photocatalyst.

3.2. SEM and TEM

To investigate the morphology of the synthesized 
samples, the SEM image of the P25, g-C3N4 and 3%-P/CN 
were obtained in Fig. 3. In Fig. 3a, the P25 is composed 
of nanoparticles with an average size of about 25 nm and 
shows an agglomerated morphology. The image in Fig. 3b 
exhibited the SEM of P25 Calcined was no different from 
P25. As shown in Fig. 3c, g-C3N4 was composed of bulks and 
had a typical laminated structure with obvious agglomera-
tion. In Fig. 3d, after the introduction of P25, the P25 nano-
particles were evenly supported on the surface of g-C3N4.

To further explore the structure and morphol-
ogy of P25/g-C3N4, TEM, and HR-TEM were employed 
and shown in Fig. 4. From the chart, we can see that P25 
nanoparticles with an average particle size of about 25 nm 
were evenly supported on the surface of layered g-C3N4. 
Furthermore, the HRTEM image in Fig. 4b displays the 
interplanar spacings of P25 are 0.35 and 0.29 nm, corre-
sponding to the (101) planes of anatase TiO2 and (110) 
planes of rutile TiO2, respectively. The results show the com-
bination of the two lattices of P25 and g-C3N4 in 3%P-CN  
samples [31].

Fig. 1. XRD patterns of the as-synthesized samples.
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3.3. UV-vis and PL

To explore the optical absorption properties, Fig. 5 
demonstrates the UV-vis absorption spectrum of as-synthe-
sized samples. It displayed that pure g-C3N4 exhibit photo-
response in the visible region with an absorption sideband 
about 480 nm, while P25 was only in the ultraviolet region. 
As a result, the P25/g-C3N4 composite showed a gradual blue 
shift of absorption sideband with the increasing amount of 

P25. To study the charge separation and transfer efficiency 
of the obtained samples, the photoluminescence (PL) spec-
tra were carried out at an excitation wavelength of 360 nm. 
As shown in Fig. 6, pure phase g-C3N4 and heterojunction 
3%-P/CN both shown fluorescence emission peaks at the 
wavelength of 460 nm, and the emission peak intensity of 
g-C3N4 is significantly higher than that of 3%-P/CN, indi-
cating that the incorporation of P25 could promote the 
photo-generated carrier separation efficiency [32].

3.4. Catalytic performance

The photocatalytic ozonation activities of prepared com-
posite photocatalyst were assessed by the degradation of 
2,4-D under visible-light irradiation and the results are dis-
played in Fig. 7. It can be seen from Fig. 8b that P25/g-C3N4 
catalysts showed poor photocatalytic degradation activity 
in the absence of ozone. However, P25 Calcined showed a 
higher photocatalytic activity with the degradation rate of 
2,4-D reached 17.5% (vis/PC), which is much higher than that 
of P25. It is due to the fact calcination treatment enhanced 
the phase transformation of the P25 TiO2 powders from 
amorphous to anatase. When ozone is introduced into the 
degradation system, as shown in Fig. 7a, the degradation 
ratio of 2,4-D was only 17.1% (Dark/O3) for ozonation alone 
with the ozone concentration of 30 mL/min in 60 min. When 
P25/CN catalyst was added into ozonation system under 
visible-light irradiation, the degradation efficiency of 2,4-D 
was greatly improved. Among them, the 3%-P/CN cata-
lyst (vis/3%-P/CN/O3) showed the highest catalytic activity, 
and the 2,4-D degradation rate reached 90.2% in 30 min, 

Fig. 2. FT-IR spectra of g-C3N4, P25, P25 calcined, and 3%-P/CN 
heterojunctions.

Fig. 3. SEM images of (a) P25, (b) P25 Calcined, (c) g-C3N4, and (d) EDS of 3%-P/CN.
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and degradation activity of catalysts 1%-P/CN (vis/1%-P/
CN/O3) and 5%-P/CN (vis/5%-P/CN/O3) reached 86.3% 
and 62.4% in 30 min, respectively. The significant improve-
ment in catalytic activity may be attributed to the synergy 
between ozone oxidation and photocatalytic oxidation.

Since the photocatalytic ozonation degradation process 
of 2,4-D can be regarded as a pseudo-first-order reaction, 
and the rate constants for vis/•O3, vis/3%-P/CN, vis/3%-P/
CN/•O3 were turned out to be 0.0071, 0.0014, and 0.0794 1/

Fig. 4. TEM (a and b) and HRTEM (c and d) images of the 3%-P/CN sample.

Fig. 5. UV-vis spectra of the as-synthesized samples. Fig. 6. PL spectra of g-C3N4, P25, P25 calcined, and 3%-P/CN 
samples at the excitation wavelength of 360 nm.
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min in Fig. 7c, respectively. Generally speaking, the synergy 
factor can be used to descript the synergistic effect in the 
photocatalytic ozonation of 2,4-D, and it can be calculated by 
the following formula [8]:

Synergistic Factor SF
photocatalytic ozonation

ozo
app

app

( ) =
K

K nnation photocatalysisapp+
=

+
= >

K
0 0794

0 0071 0 0014
9 34 1.

. .
.

 
 (2)

The synergistic factor is 9.34, indicates that there is a 
stronger synergy between photocatalytic oxidation and 
ozone oxidation during the reaction. Fig. 7d shows five 
cycling experiments of 3%-P/CN for 2,4-D photocatalytic 
ozonation. It can be clearly observed that after five times 
reuse, the activity of the catalyst hardly changed, which 
indicated that the prepared P25/g-C3N4 composite photo-
catalyst has strong stability under the experiment condition.

3.5. Photocurrent response and EIS

The transient photocurrent responses and EIS were 
used to testify the separation and transfer efficiency of 
photo-generated carrier, and the results are recorded in 
Fig. 8. It can be seen from Fig. 8a that the photocurrent den-
sity obtained with 3%-P/CN is higher than that of the pure 
g-C3N4 and P25, which implies that 3%-P/CN composite 
has higher photogenerated charge mobility. Fig. 8b com-
pares the EIS plot of P25/g-C3N4, g-C3N4, and P25, and the 

arc diameter in the EIS plot of P25/g-C3N4 is smaller than 
that of other samples under the same conditions. Generally 
speaking, the smaller arc diameter indicates a lower resis-
tance of the interfacial charge transfer, which further proves 
that the 3%-P/CN composite has more effective charge 
separation and transfer efficiency.

3.6. Active species capturing experiment

In order to investigate the main reactive species in 
the photocatalytic degradation of 2,4-D over P25/g-C3N4 
composite photocatalysts, a series of radical trapping exper-
iments were performed. In the experiment, radical scav-
engers tBA, EDTA-2Na, and CHCl3 were used to quench 
•OH, h+, and e–, respectively [33]. As depicted in Fig. 9, 
when tBA and CHCl3 were added, the degradation rates 
of 2,4-D decreased apparently from 90.2% to 40.3% and 
22.7%, respectively. And when EDTA-2Nawas added, the 
catalytic degradation of 2,4-D is only slightly affected. The 
results indicate that active specie •O3

– and •OH play major 
roles in this degradation reaction. When adding N2 without 
O3, the degradation rate dropped from 89% to less than 2%, 
indicating that O3 plays an important role in photocatalytic 
ozonation under visible light irradiation.

3.7. Photocatalytic ozonation mechanism

Based on the above analysis, we proposed a possible 
mechanism for the photocatalytic ozonation degradation 
of 2,4-D by P25/g-C3N4 heterojunction under visible light 

Fig. 7. (a) Photocatalytic ozonation and (b) photocatalytic degradation of 2,4-D over as-synthesized photocatalysts under visi-
ble-light irradiation; (c) the first-order-kinetic reaction for removal of 2,4-D by different processes and (d) cycling runs for the 
photocatalytic oxidation degradation of 2,4-D in the presence of 3%-P/CN sample.



383Y. Zhou et al. / Desalination and Water Treatment 208 (2020) 377–385

irradiation and the result is illustrated in Fig. 10. Firstly, 
g-C3N4 could be easily excited under visible light, elec-
trons and holes would form on the CB and VB of g-C3N4, 
respectively. However, it is hard for P25 nanoparticles 
to generate holes and electrons because of the broader 

bandgap. Then, the photo-generated electrons on the CB 
of g-C3N4 would transferred to the CB of P25, and the pho-
to-generated holes on the VB of P25 would transferred to 
the VB of g-C3N4, which can effectively promote the trans-
fer of photo-generated charges. After that, the injected-elec-
trons would be trapped by ozone to give •O3

–, which would 
immediately react with H+ in solution to produce •HO3 for 
the formation of reactive species •OH to degrade 2,4-D. In 
addition, ozone would be decomposed into active oxygen 
atoms and oxygen by the irradiation of ultraviolet light, 
in which the active oxygen atoms can react with water to 
generate •OH to degrade 2,4-D. In the meanwhile, the holes 
accumulated on the VB of g-C3N4 can directly degrade 2,4-D.

The process was described as follows:

O e O3 3+ →− • −  (3)

• − + •+ →O  H HO3 3  (4)

• •→ +HO OH O3 2  (5)

O O O3 2→ +  (6)

O H O H O OH2 2+ → → •
2 2  (7)

h OH O 4-D Degradation products+ • + →/ / ,2  (8)

Fig. 8. (a) Photocurrent responses and (b) EIS Nyquist plot of as-synthesized photocatalysts.

Fig. 9. Trapping experiments of active species during the pho-
tocatalytic ozonation degradation of 2,4-D over 3%-P/CN 
photocatalyst under visible light irradiation.

Fig. 10. Proposed mechanism of photocatalytic ozonation of 2,4-D for P25/g-C3N4.
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4. Conclusion

In general, a series of the different mass ratio of P25/g-
C3N4 are produced by one-step method, and all the as-pre-
pared composites shows excellent photocatalytic ozonation 
performance for degrading 2,4-D under visible light irra-
diation. 3%-P/CN shows the best photocatalytic ozonation 
activity for the degradation of 2,4-D (90.2%) in 30 min. 
The promoted photocatalytic ozonation capability was 
attributed to efficient separation of the electron-hole pairs 
resulting from P25/g-C3N4 heterojunction, which verified by 
the lowest PL respond and the best photocurrent response 
and EIS results. Besides, the trapping experiment displayed 
that •O3

– and •OH were the main active species and the 
synergistic effects between ozonation and photocatalysis 
attributed to the powerful scavenger effect of ozone and 
strong activity of •OH radicals. Furthermore, the repetitive 
experiment illustrates that 3%-P/CN has strong stability. 
The above results indicate that P25/g-C3N4 is a potential cat-
alyst that will be of great importance for water purification.
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