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In situ synthesis of g-C3N4/TiO2 heterojunction nanocomposites
as a highly active photocatalyst for the degradation of Orange II
under visible light irradiation
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Abstract
As a highly active photocatalyst, g-C3N4/TiO2 heterojunction nanocomposites were in situ synthesized by simple ultrasonic
mixing and calcination by using TiO2 and melamine as precursors. The morphology and structure of the prepared photocatalysts
were characterized by field emission scanning electron microscopy, transmission electronmicroscopy, X-ray diffraction, Fourier-
transform infrared spectroscopy, UV-Vis diffuse reflectance spectroscopy, and X-ray photoelectron spectroscopy. The photocat-
alytic activities of g-C3N4/TiO2 nanocomposites to degrade Orange II (AO7) under visible light irradiation were evaluated.
Results showed that the photocatalytic rate of the prepared g-C3N4/TiO2 photocatalyst to degrade AO7was about three times than
that of pristine TiO2 and g-C3N4. The g-C3N4/TiO2 composite with a ratio of 1:4 had the highest degradation efficiency for AO7
solution. Its degradation efficiency under acidic conditions was significantly higher than that under alkaline conditions. The
enhancement of photocatalytic activity can be attributed to the formation of heterojunctions between g-C3N4 and TiO2, which
leads to rapid charge transfer and the efficient separation of photogenerated electron-hole pairs. The recycling experiment
indicated that the photocatalyst of g-C3N4/TiO2 nanocomposites still maintained good photochemical stability and recyclability
after five cycles; this finding was important for its practical applications. A series of free radical trapping experiments showed that
•O2

− played a crucial role in the degradation of AO7.
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Introduction

Photocatalytic technology is one of the most effective
methods for wastewater treatment because of its low invest-

ment cost, mild reaction conditions, and negligible secondary
pollution to the environment (Perera et al. 2012; Guo et al.
2014; Huo et al. 2015; Wang et al. 2017a, b). The preparation
of photocatalysts with high photocatalytic activity and photo-
chemical stability is the key factor restricting the practical
applications of semiconductor photocatalysts (Tong et al.
2012; Lang et al. 2014). Among well-known photocatalysts,
TiO2 has great photocatalytic properties, long-term stability,
non-toxicity, chemical inertness, and low cost; thus, this
photocatalyst has been widely used in photocatalytic studies
(Schneider et al. 2014; Thirugnanam et al. 2014). However,
some serious shortcomings still occur. For example, TiO2 has
a large band gap (the rutile and anatase phases are 3.03 and
3.20 eV, respectively), which can absorb only ultraviolet light
(approximately 5% of solar light). Meanwhile, its
photogenerated electron-hole pairs are easy to recombine.
Thus, the efficiency for charge separation needs to be further
improved. Many researchers focused on the modification of
TiO2 to obtain new types of highly active photocatalysts that
can work under visible light (Pelaez et al. 2012; Banerjee et al.
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2014; Leong et al. 2014; Bu et al. 2015; Wang et al. 2015).
Many attempts have been performed to enhance the visible
light photocatalytic efficiency of TiO2, including metal or
non-metal doping (Kim et al. 2004; Liu et al. 2008; Zhang
et al. 2011; Devi and Kavitha 2013), dye sensitization (Huang
et al. 2010), surface modification (Wooh et al. 2015), and
coupling with other semiconductor materials (Xie et al.
2010; Ismail et al. 2016; Sheng et al. 2016). Among these
methods, the coupling of TiO2 with guest semiconductors is
an effective way to improve its photocatalytic activity under
visible light.

Graphite carbon nitride (g-C3N4), which is an emerging
non-metallic semiconductor photocatalyst, has attracted
increasing interest due to its good visible light response,
narrow band gap (about 2.70 eV), non-metallicity, non-
toxicity, chemical stability, and excellent photocatalytic
activity. It has been widely used in the fields of dye
wastewater treatment (Xiao et al. 2015), antibiotic degra-
dation (Panneri et al. 2017), and decomposition of water
to hydrogen (Naseri et al. 2017). However, given its small
specific surface area and rapid recombination of
photogenerated electron-hole pairs, the usage of g-C3N4

in the photocatalysis field is still limited (Dong et al.
2015; Ye and Chen 2016). Previous studies showed that
the coupling of g-C3N4 with a semiconductor having a
high positive conduction band (CB) improved the catalyt-
ic activity of the newly generated photocatalyst (Kumar
et al. 2013; Yang et al. 2015). Through the coupling of g-
C3N4 with other semiconductors, photoinduced electrons
are transferred to the band gap of the coupled semicon-
ductor, thus suppressing the recombination of electrons
and holes. Therefore, coupling TiO2 with g-C3N4 (g-
C3N4/TiO2) is expected to be a good candidate for im-
proving the separation efficiency of photogenerated
electron-hole pairs and enhancing photocatalytic activity
because of the variation in the band edge position of the
composites. Actually, the successful synthesis of g-C3N4/
TiO2 composite photocatalysts has been reported in some
studies. Results showed that the coupling between TiO2

and g-C3N4 was effective for improving photocatalytic
activity. Miranda et al. (2013) prepared the hybrid struc-
ture of g-C3N4 and TiO2 by the impregnation method,
which can degrade phenol under UV irradiation. Raziq
et al. (2015) synthesized different mass ratios of effective-
ly contacted TiO2/bulk g-C3N4 composites by a wet
chemical method and evaluated their photocatalytic
activities for degrading acetaldehyde. Li et al. (2016) suc-
cessfully prepared g-C3N4/TiO2 composite photocatalyst
by an acetic acid assisted sol-gel method combined with
calcination process, which extended light absorption
wavelength and enhanced photocatalytic performance.
To date, the methods used to prepare g-C3N4/TiO2 com-
posite photocatalysts are numerous, but there is less

satisfactory method that is widely recognized. Therefore,
the search for a simple and effective synthesis method to
improve its photocatalytic activity is necessary for its
practical application.

In this study, g-C3N4/TiO2 heterostructured photocatalysts
with high activity were in situ synthesized by simple ultrason-
ic mixing and calcination by using TiO2 and melamine as raw
materials. The phase composition and morphology of the pre-
pared g-C3N4/TiO2 heterojunction photocatalyst were investi-
gated by field emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD), Fourier-transform infrared spectroscopy
(FT-IR), UV-Vis diffuse reflectance spectroscopy (UV-Vis
DRS), and X-ray photoelectron spectroscopy (XPS). The pho-
tocatalytic activity of g-C3N4/TiO2 heterostructured
photocatalysts to degrade Orange II (AO7) solution under
visible light was evaluated. A possible reaction mechanism
was also proposed.

Experimental

Materials

Titanium (IV) oxide (TiO2, ≥ 98%, CP grade) was purchased
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). Melamine (C3H6N6, ≥ 99.5%, AR grade) as a precur-
sor of g-C3N4 was obtained from Tianjin Kemiou Chemical
Reagent Co. Ltd. AO7 (C16H11N2NaO4S, > 85%) was sup-
plied from Shanghai Aladdin Biochemical Technology Co.
Ltd. Other chemicals were obtained from Tianjin Kermel
Reagent Co. Ltd. (China) and were analytical grade. All
chemicals were used without further purification.

Preparation of photocatalysts

The g-C3N4/TiO2 nanocomposites were prepared by a simple
two-step method. First, 1.0-g TiO2 and a certain amount of
melamine (1.0, 3.0, 4.0, and 5.0 g) were dispersed together in
20-ml deionized water. The suspension solution was under
ultrasonic treatment for 60 min. The obtained mixed solution
was dried at 60 °C in an oven. Finally, the dried samples were
ground into powders before being calcined at 450 °C for
240 min in the crucible covered by a lid. After cooling to room
temperature, the resultant yellow lumps were ground into
powders for further use.

The synthesized composites were denoted as x:y g-C3N4/
TiO2, where x:ymeant the weight ratio of TiO2 and melamine.
For comparison, pristine TiO2 and melamine powders were
also treated using the above method; the powders were denot-
ed as TiO2 and g-C3N4, respectively. Meanwhile, a mixing
sample with the same mass ratios of g-C3N4 to TiO2 was
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prepared by a simple mechanical mixing of TiO2 and g-C3N4,
which was noted as Bphysical mixing.^

Characterization

The structure and phase characterization of the prepared sam-
ples were performed by XRD (Bruker D8 Advance,
Germany). The surface morphologies was observed by
FESEM (Hitachi S-4800, Japan), whereas the microstructures
were obtained using TEM (FEI Tecnai G2 spirit, Holland).
FT-IR (Nicolet IS5, USA) was used to analyze the composi-
tion information and chemical bonds of the samples. The op-
tical properties of the samples were investigated using UV-Vis
DRS (Shimadzu UV-2600, Japan). XPS (EscaLab 250Xi,
USA) was used to determine the surface chemical composi-
tions of the photocatalysts.

Photocatalytic experiment

The photocatalytic activities of g-C3N4/TiO2 composites un-
der visible light irradiation were investigated by the degrada-
tion effect of the AO7 solution. The light source was a 30-W
visible light lamp. In a typical experiment, a 200.0-mg catalyst
was completely dispersed in a 500 ml (10.0 mg/L) AO7 solu-
tion. Before turning on the light, the suspension was magnet-
ically stirred for 60 min in the darkness to achieve the
absorption-desorption equilibrium of AO7 on the g-C3N4/
TiO2 composites surface. At a certain time interval, 5-ml sus-
pensions were taken, and the catalyst powders were removed
by filtration through a 0.22-μm filter and then measured at
486 nm by using a UV-Vis spectrophotometer.

Results and discussion

Characterization of g-C3N4/TiO2 composite
photocatalysts

To understand the crystal structure of TiO2, g-C3N4, and g-
C3N4/TiO2, the samples were first characterized by XRD. As
shown in Fig. 1, the XRD pattern of TiO2 showed evident
peaks at 25.3°, 37.8°, 48.0°, 53.9°, 55.1°, and 62.7°, which
corresponded to (1 0 1), (0 0 4), (2 0 0), (1 0 5), (2 1 1), and (2
0 4) of the crystal facet of anatase TiO2 (JCPDSNo. 21-1272),
respectively. The weak diffraction peak at 27.4° (1 1 0) indi-
cates the presence of small amounts of rutile phase in TiO2. It
is worth mentioning that the anatase-rutile biphasic structure
could exhibit higher photocatalytic activity than their respec-
tive neat phases (Kumar and Rao 2016). Two typical diffrac-
tion peaks at 13.2° and 27.4° were detected in the XRD pattern
of g-C3N4, corresponding to the (1 0 0) and (0 0 2) planes of g-
C3N4, which are attributed to the in-plane structure of tri-s-
triazine units and the interlayer stacking of conjugated

aromatic groups, respectively (Yan et al. 2009; Liang et al.
2015). g-C3N4 and anatase TiO2 peaks could be observed in
the g-C3N4/TiO2 sample, thus indicating that the g-C3N4/TiO2

composite was successfully synthesized. Furthermore, it is
noteworthy that the diffraction peak of the g-C3N4 (0 0 2)
plane overlaps the characteristic peak of the TiO2 (1 1 0) plane
rutile phase. Compared with the diffraction peaks of pristine
g-C3N4 and TiO2, the diffraction peak corresponding to the g-
C3N4 (0 0 2) crystal plane in the composite is relatively
broader, and the intensity is weaker. This finding can be at-
tributed to the reduced g-C3N4 content in the composite.

The surface morphologies of TiO2, g-C3N4, and g-C3N4/
TiO2 composite were observed by SEM. As seen from Fig. 2a,
the pristine g-C3N4 displayed the typical lamellar stacking
structure consisting of thin, continuous, and wrinkle-
enriched g-C3N4 nanosheets. As shown in Fig. 2b, neat TiO2

comprised irregular aggregates of particles. For the g-C3N4/
TiO2 composite, the surface of g-C3N4 nanosheets was obvi-
ously roughened after loading the TiO2 particles (Fig. 2c). To
further confirm whether the composite of g-C3N4 and TiO2

was prepared successfully, the microstructure morphologies
of TiO2, g-C3N4, and g-C3N4/TiO2 were characterized by
TEM. As shown in Fig. 2d, e, a large amount of irregular
TiO2 particles were agglomerated, and g-C3N4 is an obvious
lamellar structure, consistent with the results obtained by
SEM. It can also be seen from Fig. 2f that dark particles and
gray areas exist. Dark particles belong to TiO2, whereas gray
areas are assigned to g-C3N4. This finding confirms that the
TiO2 particles are wrapped inside the g-C3N4 flakes.
Moreover, TiO2 particles were well dispersed on g-C3N4, in-
dicating that the presence of g-C3N4 suppressed the aggrega-
tion of TiO2 nanoparticles. EDX was used to investigate the
composition of the g-C3N4/TiO2 composite. As shown in
Fig. 2g, the peaks confirmed that the product consisted of only
C, N, O, and Ti elements. The above results can fully
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Fig. 2. SEM images of g-C3N4 (a), TiO2 (b), and g-C3N4/TiO2 composite (c). TEM images of g-C3N4 (d), TiO2 (e), and g-C3N4/TiO2 composite (f).
EDX spectrum of g-C3N4/TiO2 composite (g)
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demonstrate that the g-C3N4/TiO2 heterojunction
photocatalyst was successfully synthesized.

The compositional information and chemical bonds of
TiO2, g-C3N4, and g-C3N4/TiO2 composite were analyzed
by FT-IR spectroscopy. As shown in Fig. 3, the main peaks
at 400–700 cm−1 for neat TiO2 are attributed to Ti▬O▬Ti
and Ti▬O stretching vibration modes in anatase TiO2 crystals
(Wu et al. 2016). The broad peak at 3000–3300 cm−1 for
pristine g-C3N4 corresponds to the stretching mode of the
terminal NH2 of the NH groups at the defect sites of the aro-
matic rings, whereas several peaks in the 1200–1650-cm−1

range are assigned to the typical stretching mode of C▬N
heterocycles (Zhang et al. 2012). Furthermore, the sharp peak
at 810 cm−1 is attributed to the characteristic breathing mode
of tri-s-triazine units (Lotsch and Schnick 2006). Given that
most characteristic peaks of g-C3N4 and TiO2 were observed,
the existence of TiO2 and g-C3N4 in g-C3N4/TiO2 composites
can be further confirmed.

The g-C3N4/TiO2 composite was further characterized by
XPS to study the surface chemical composition and chemical
state of the elements. As shown in Fig. 4a, the signals of C, N,
O, and Ti were detected in the survey XPS spectrum of the g-
C3N4/TiO2 composite. No peaks of other elements were
found, which indicated that the g-C3N4/TiO2 heterojunction
photocatalyst was mainly composed of C, N, O, and Ti ele-
ments; this consequence was in agreement with the result of
EDX (Fig. 2g). As illustrated in Fig. 4b, the Ti 2p spectra of
the g-C3N4/TiO2 composite have two peaks at 458.6 and
464.3 eV, corresponding to Ti 2p3/2 and Ti 2p1/2, respectively
(Li et al. 2015). Figure 4c showed a high-resolution C 1s
spectrum of the g-C3N4/TiO2 composite having two C 1s
peaks at 284.6 and 288.1 eV. The former peak corresponds
to the C▬C coordination, which could be explained by the
reason of the accidental hydrocarbon of the XPS instrument
itself and the sp2 hybridized carbon atoms of g-C3N4 (Ye et al.

2011). The latter peak is assigned to the N▬C〓N coordina-
tion of sp3 bonding (Singh et al. 2012). The high-resolution
peak fitting spectra of N 1s was displayed in Fig. 4d. Three
peaks at 398.6, 399.3, and 401.2 eV correspond to sp2 hybrid-
ized nitrogen (C〓N▬C), tertiary nitrogen (N▬C3), and
C▬N▬H, respectively (Chen et al. 2014). The O 1s high-
resolution spectra of the g-C3N4/TiO2 composite were fitted to
two peaks at 529.8 and 532.1 eV in Fig. 4e, corresponding to
Ti▬O bond and O▬H bond, respectively (da Silva et al.
2000).

The optical properties of TiO2, g-C3N4, and g-C3N4/TiO2

composite were subsequently studied by using UV-Vis DRS
spectroscopy. As shown in Fig. 5a, the absorption edges of
pristine TiO2 and g-C3N4 were approximately 380 and
460 nm in the visible region, respectively, agreeing well with
the theoretical value (Tong et al. 2015). In comparison with
TiO2, the absorption edge of the g-C3N4/TiO2 composite ob-
viously red shifted to the visible region in the range of 320–
700 nm. Even though pristine g-C3N4 presented better absor-
bency and absorption edge range than the g-C3N4/TiO2 com-
posite, many factors still affect the photocatalytic activity of
photocatalysts. It cannot be simply considered that the im-
proved visible light absorption can increase catalytic activity
under visible light irradiation. The existence of TiO2 here is
expected to produce effective interfacial electron transfer,
which is helpful for the electron-hole pair separation of g-
C3N4 and the enhancement of catalytic activity under visible
light irradiation. As shown in Fig. 5b, the band gap energies of
the direct transition semiconductors were estimated by plots of
(αhν)1/2 vs photon energy on the basis of the following for-
mula (Chen et al. 2016):

αhνð Þ1=2 ¼ A hν−Eg

� � ð1Þ

where α, h, ν, A, and Eg represent the absorption coeffi-
cient, Planck’s constant, optical frequency, constant, and band
gap, respectively. It can be estimated from Fig. 5b that the
band gap energies of pristine TiO2 and g-C3N4 were 3.05
and 2.70 eV, respectively, which was consistent with the pre-
vious report (Yan and Yang 2011). However, the band gap of
the g-C3N4/TiO2 composite was greatly reduced to 2.60 eV.
These results fully demonstrated that the electronic structure
of TiO2 in the g-C3N4/TiO2 composite may be changed by
introducing g-C3N4, which narrows the band gap of the
composite.

Photocatalytic activity and influential factors

The photocatalytic activities of photocatalysts with differ-
ent structures were evaluated by investigating the degra-
dation of AO7 solution. As shown in Fig. 6a, the photol-
ysis of the AO7 solution was neglected without the aid of
photocatalysts, thus indicating that illumination and
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stirring negligibly affected its degradation. Given that
pristine TiO2 showed weaker absorbance at 365 nm than
g-C3N4 and the g-C3N4/TiO2 composite, as evidenced by
UV-Vis DRS (see Fig. 5a), weak photocatalytic activity
was achieved. Although neat g-C3N4 had high absorbance
at 365 nm, the easy recombination of electron-hole pairs
resulted in low photocatalytic activity. For the Bphysical
mixing^ sample, the photocatalytic activity was lower
than that of g-C3N4/TiO2, although the same mass ratio
was shared. No chemical bond existed in the simply phys-
ically mixed sample to create a large void between TiO2

and g-C3N4, thus limiting the transfer of photogenerated

electrons and resulting in a high recombination of
electron-hole pairs (Chen et al. 2016). It is no difficult
to find that the g-C3N4/TiO2 composite shows higher pho-
tocatalytic activity than other photocatalysts. The possible
reason for this is the close connection of TiO2 and g-C3N4

in the g-C3N4/TiO2 composite. The photoresponse range
of TiO2 is broadened in the presence of g-C3N4, and the
photogenerated electrons and holes are separated
effectively.

To investigate the effects of calcination temperature on the
photocatalytic activity of the composite, a series of g-C3N4/
TiO2 composites were prepared under different temperatures.
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As can be seen from Fig. 6b, the photocatalytic activity of
composites increased first and decreased later with the rise
of temperatures. In particular, the composites prepared at
450 °C exhibited the best photocatalytic activity. With the

increase in temperature, the g-C3N4 was gradually generated
in the composites, and the photocatalytic activity increased
gradually. A high temperature would lead to the thermal de-
composition of g-C3N4, thus reducing photocatalytic activity.
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Therefore, the calcination temperature of 450 °C was selected
to study the effect of the weight ratio of TiO2 and melamine on
the photocatalytic activity.

As shown in Fig. 6c, the photocatalytic activity of all x:y g-
C3N4/TiO2 composites was evidently higher than that of pris-
tine TiO2 and g-C3N4. The enhancement of the photocatalytic
activity of x :y g-C3N4/TiO2 was attributed to the
heterojunction effects between g-C3N4 and TiO2 as mentioned
above.Meanwhile, when the mass ratio of TiO2 andmelamine
increased from 1:1 to 1:4, the photocatalytic activity of g-
C3N4/TiO2 composites increased. The g-C3N4/TiO2 compos-
ites with a ratio of 1:4 exhibited the highest photocatalytic
activity. The further raising the melamine ratio increased the
amount of g-C3N4 produced in the composite. However, the
degradation rate of AO7 decreased. Thus, only proper g-C3N4

content can promote the generation and transfer of
photogenerated electrons and holes. The excess of g-C3N4 as
a new center for the recombination of charge carriers acceler-
ated the recombination of electron-hole pairs, thus deteriorat-
ing their photocatalytic activity.

The catalytic rates of photocatalysts with different mass
ratios were further analyzed by the kinetic model. The process
of the photocatalytic degradation conforming to the pseudo-
first-order kinetic model can be expressed as follows:

−In C=C0ð Þ ¼ kt ð2Þ
where C0, C, k, and t represent the initial AO7 concen-

tration, AO7 concentration after t min irradiation, rate
constant, and irradiation time, respectively (Zhang et al.
2013). The rate constants for different samples are shown
in Fig. 6d The g-C3N4/TiO2 composite with a ratio of 1:4
exhibited excellent photocatalytic activity. The rate con-
stant k = 0.0311 min−1 of the reaction was about three
times than that of pristine g-C3N4 (k = 0.0099 min−1)
and TiO2 (k = 0.0105 min−1). It is further confirmed that

TiO2 and g-C3N4 connected by heterojunction can highly
improve the photocatalytic reaction rate.

The effect of catalyst dosage on the degradation efficiency
of AO7 was shown in Fig. 7a. The degradation efficiency of
the AO7 solution increased with the amount of the g-C3N4/
TiO2 composite. When the amount of photocatalyst reached
200.0 mg, the degradation efficiency of the AO7 solution
reached saturation. With the increasing amount of
photocatalyst, the generated active sites increased, thus facil-
itating the adsorption of pollutants and increasing photocata-
lytic activity. When the catalyst was added excessively, the
absorption of light by the photocatalyst was saturated. As a
result, the photocatalytic activity remained the same.

The pH of the solution can affect the charge distribution on
the surface of photocatalysts, which plays an important role in
the photocatalytic reaction. Figure 7b shows the effect of pH
on the photocatalytic degradation of the AO7 solution. The
photocatalytic activity of the g-C3N4/TiO2 composite varied
under acidic (pH = 4) and basic (pH = 11) conditions and de-
creased with an increase in pH value. The point of zero charge
(PZC) may exist in the g-C3N4/TiO2 composite. When the
solution pH was lower than PZC, the g-C3N4/TiO2 composite
was positively charged. Therefore, negatively charged AO7
molecules were absorbed on g-C3N4/TiO2 composites, and
AO7 degradation efficiency was improved. By contrast, when
the solution pH was higher than PZC, the g-C3N4/TiO2 com-
posite and AO7 molecules were negatively charged, resulting
in electrostatic repulsion. Thus, the degradation efficiencywas
reduced (Li et al. 2017).

The photostability and recyclability of photocatalysts are
critical for their practical application. Therefore, recycling ex-
periments were conducted five times to evaluate the stability
and reusability of the g-C3N4/TiO2 composite. As shown in
Fig. 8, the photocatalytic activity of the g-C3N4/TiO2 compos-
ite almost remained the same after five cycles, thus indicating
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that the composite presented good photostability and
recyclability.

Photocatalytic mechanism

Figure 9 displays the variation in the UV-Vis absorption spec-
tra of the AO7 solution degraded by the g-C3N4/TiO2 com-
posite at different times. The main absorption peak of AO7
solution is approximately at 486 nm, which originates from
the azo bond. The intensity of the peak decreased with time
(Zhou et al. 2016). The disappearance of the peak at 486 nm
after the light irradiation for 150 min indicated that the AO7
solution was completely discolored. Figure 9b shows the
changes in the COD value of solution at different treatment
times. It can find that the COD removal rate only is 48% at
150 min. With the progress of the photocatalytic reaction, the

removal rate of COD continues to increase. At 300 min, the
COD removal rate can reach 93%, indicating that there is still
a portion of the intermediate organics in the wastewater. The
reason may be that AO7 dye wastewater is not directly min-
eralized into CO2 and H2O during the photocatalytic degrada-
tion process. It is degraded into some intermediate products
through degradation of chromophoric groups and benzene-
like ring structure and then degraded into CO2 and H2O.
These results further confirmed that the prepared g-C3N4/
TiO2 composite can degrade AO7 in solution under visible
light.

Generally, ˙OH, h+, and ˙O2
− are considered active radicals

that play major roles in photocatalytic reaction. To verify the
existence of these three reactive free radicals and analyze their
roles in the degradation of AO7, a series of free radical trap-
ping experiments were performed. Isopropyl alcohol (IPA), p-
benzoquinone (p-BQ), and ammonium oxalate (AO) were
used as scavengers for ˙OH, ˙O2

−, and h+, respectively. As
shown in Fig. 10, when IPA and AO were added into the
reaction system, the degradation rate of AO7 decreased from
85.32 to 78.01 and 83.42%, respectively. However, when p-
BQ was added, the photocatalytic activity was greatly
inhibited, and the degradation rate of AO7 was reduced to
39.03%. Therefore, it can be considered that ˙O2

− was the
main active material in the photocatalytic degradation pro-
cesses of AO7 using the g-C3N4/TiO2 composite, whereas
the effect of h+ was negligible.

On the basis of the above analysis and related literature
reports, the mechanism of the photocatalytic reaction of the
g-C3N4/TiO2 composite was proposed and illustrated sche-
matically in Fig. 11. The potentials of valence band (VB)
and CB of a semiconductor material can be estimated accord-
ing to Eqs. (3) and (4) (Zhang et al. 2016):

EVB ¼ χ−Ee þ 0:5Eg ð3Þ
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ECB ¼ EVB−Eg ð4Þ

where EVB and ECB are the VB edge potential and CB edge
potential, respectively; χ is the electronegativity of the semi-
conductor, which is the geometric mean of the constituent
atoms. Ee is the energy of free electrons with the hydrogen
scale (4.5 eV vs NHE), and Eg is the band gap energy of the
semiconductor. The χ values of TiO2 and g-C3N4 are 5.81 and
4.73 eV, respectively (Hao et al. 2016). The ECB and EVB of
TiO2 are − 0.21 and 2.84 eV, respectively, as estimated from
the results of UV-Vis DRS (see Fig. 5) and Eqs. (3) and (4);

the ECB and EVB of g-C3N4 are − 1.12 and 1.58 eV, respec-
tively. Low et al. (2017) reported that the heterojunction
photocatalysts belong to type-II with a staggered gap if the
CB and the VB levels of semiconductor A are higher than the
corresponding levels of the semiconductor B. Therefore, it can
confirm that the g-C3N4/TiO2 composite is of type-II
heterojunction. The photogenerated electrons of g-C3N4 will
transfer to semiconductor TiO2 under light irradiation and
resulting in a spatial separation of electron-hole pairs. Under
light irradiation, g-C3N4 absorbed both visible and UV light,
whereas TiO2 absorbed only UV light and electrons transited
from their VB to the CB. Given that the CB of g-C3N4 (−
1.12 eV) is more negative than that of TiO2 (− 0.22 eV),
photogenerated electrons were transferred from the CB of g-
C3N4 to the CB of TiO2, whereas holes remained in the VB of
g-C3N4. Meanwhile, the CB of both g-C3N4 and TiO2 are
more negative than that of E(O2/˙O2

−) (− 0.046 eV vs NHE).
Therefore, the electrons on the CB of TiO2 and the non-
transferred electrons on g-C3N4 can capture the O2 generation
of ˙O2

−, which was the most important active material in the
photocatalytic degradation of AO7 (see Fig. 10). However,
only photogenerated holes on the VB of TiO2 can react with
OH− or H2O to form ˙OH because the potential of E(˙OH/
H2O) (2.68 eV vs NHE) and E(˙OH/OH−) (1.99 eV vs
NHE) is lower than the VB of TiO2 (Wang et al. 2017a, b).
Furthermore, photogenerated holes left on VB can also oxi-
dize the organic pollutants in the solution by direct and indi-
rect oxidation. Therefore, the rapid charge transfer was
achieved through the heterojunction interface between g-
C3N4 and TiO2, and the difference in potential enabled the
effective separation of photogenerated electron-hole pairs.
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Fig. 11. Schematic diagram for
the mechanism of the
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The photocatalytic activity of the g-C3N4/TiO2 composite in-
creased greatly. The specific reactions involved in this photo-
catalytic process are as follows:

Photocatalystþ hν→e− þ hþ ð5Þ
e− þ O2→⋅O2

− ð6Þ
hþ þ H2O=OH

−→˙OH ð7Þ
˙O2

− þ H2O=H
þ→˙OH ð8Þ

˙O2
−=hþ=˙OHþ AO7→CO2 þ H2O ð9Þ

Conclusions

In summary, the g-C3N4/TiO2 composite photocatalyst was
successfully prepared by a simple ultrasonic mixing and cal-
cination method. The prepared g-C3N4/TiO2 composite
showed higher photocatalytic activity than pristine TiO2 and
g-C3N4. The 1:4 g-C3N4/TiO2 composite with 200.0 mg ex-
hibited the highest degradation efficiency for 10.0 mg/L of the
AO7 solution. The degradation rate of g-C3N4/TiO2 to the
AO7 solution under acid conditions was obviously higher
than that under alkaline conditions because of the influence
of pH on the charge distribution on the catalyst surface. A
series of free radical trapping experiments showed that ˙O2

−

played the most important role in the degradation of AO7. The
enhanced catalytic activity of the prepared g-C3N4/TiO2 com-
posites can be attributed to the formation of heterojunctions
between g-C3N4 and TiO2, which result in the rapid charge
transfer and the efficient separation of photogenerated
electron-hole pairs.
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