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Abstract
ZnO nanorods/g-C3N4 photocatalytic composite was prepared, and its structural and optical properties have been studied. 
Bulk graphite phase carbon nitride (g-C3N4) was first prepared by a one-step thermal polymerization method, and ZnO 
nanorods were grown from the ZnO seed particles on the surface of g-C3N4 by a hydrothermal method. The effects of hydro-
thermal reaction time on the morphology and photocatalytic properties of ZnO nanorods/g-C3N4 composite were investigated. 
The hydrothermal reaction included two stages. The initial stage was dominated by the rapid deposition of  Zn2+ precursor 
in hydrothermal solution on ZnO seed particles to form ZnO seed layer, and the second stage was the hydrothermal growth 
of ZnO nanorods from the ZnO seed layer. In the second stage, two processes occurred simultaneously, namely, the dissolu-
tion of seed layer and the growth of ZnO nanorods. Hence, the composite prepared with different hydrothermal time shows 
different photocatalytic degradation mechanism to methyl orange (MO) solution. The photocatalytic performance of the 
composite sample with the grown time of 2 h is mainly attributed to separation efficiency of photogenerated carriers. For 
the composite sample with the grown time of 3 h, due to the partial dissolution of seed layer, its photocatalytic performance 
is mainly attributed to the surface reaction of ZnO nanorods. For the composite samples with the hydrothermal grown time 
of 4 and 5 h, the dense ZnO nanorods on the surface of g-C3N4 improve the separation efficiency of the photogenerated car-
riers, and their photocatalytic performance is attributed to both carrier lifetime and surface reaction. As a result of synergy, 
the sample with the hydrothermal grown time of 3 h shows the best photocatalytic performance in all composite sample.
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1 Introduction

With the aggravation of global energy crisis and environ-
mental problems, new strategic technologies are urgently 
needed which can not only utilize environmentally friendly 
renewable energy, but also solve environmental problems 
in the world [1, 2]. Solar energy is a kind of rich, perma-
nent and green energy, which is considered as the most ideal 
new green energy. Therefore, using solar energy to solve 

environmental problems has become a research hotspot in 
recent years. In this context, as one of the effective methods 
to solve the problems, semiconductor photocatalysis tech-
nology has attracted great attention [3–5]. Semiconductor 
photocatalysis technology is the use of semiconductor mate-
rials to activate the surface energy under the excitation of 
sunlight, which can be efficiently used in the catalytic syn-
thesis of organic fuels, degradation of organic pollutants, 
reduction of heavy metal ions, disinfection and sterilization 
and other fields. It is important that photocatalytic technol-
ogy can react at room temperature, which is economical and 
efficient. In addition, the photocatalytic material itself must 
be non-toxic, harmless, pollution-free and high reuse rate. 
In the photocatalytic treatment of pollutants, organic pol-
lutants can be directly degraded into water and inorganic 
ions, and will not produce secondary pollution. It has the 
incomparable advantages of traditional treatment technology 
and is a widely used environmental treatment technology. 
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In recent years, the research field of photocatalytic technol-
ogy is more and more extensive, such as water photolysis, 
biomedicine and so on. In order to perform the real use of 
photocatalysis technology to solve environmental prob-
lems, three important characteristics of photocatalyst need 
to be further studied, namely, high visible light absorption, 
low carrier recombination and strong surface reaction [6]. 
Then the preparation of high performance photocatalyst has 
become an urgent problem in current photocatalysis technol-
ogy researches.

g-C3N4 was first reported in 2009 [7, 8]. As a kind of 
semiconductor material with nonmetallic visible light 
response, it has become research hotspots in the fields of 
energy, catalysis, sensor and energy storage material in 
recent years. g-C3N4 can be prepared directly by thermal 
polymerization of nitrogen rich raw materials, such as mono-
cyanamide, dicyandiamide, melamine, urea and thiourea [9]. 
As an n-type semiconductor of two-dimensional layered 
conjugated polymer, it is non-toxic, environmentally friendly 
material, low cost, relatively narrow bandgap and high phys-
ical and chemical stability [10]. In addition, the high visible 
light absorption due to the narrow bandgap (2.70 eV) makes 
it one of the most potential photocatalytic  materials[11]. 
However, the small specific surface area, insufficient light 
absorption, rapid recombination of electron–hole pairs and 
low carrier mobility restrict its catalytic performance [7, 12]. 
To overcome the shortcomings of g-C3N4 in photocatalysis, 
a variety of morphology modifications on it have first been 
carried out by researchers.

g-C3N4 with hollow porous prismatic structure has been 
designed [13]. The improvement of photocatalytic perfor-
mance is attributed to larger specific surface area, more 
negative conduction band potential and faster carrier separa-
tion efficiency. Three-dimensional network structure g-C3N4 
assembled by nanorods has large specific surface area and 
faster charge carrier transfer kinetics, which significantly 
improves its photocatalytic performance [14]. Nanoporous 
g-C3N4 microspheres have a high-density nanoporous struc-
ture, which can not only significantly inhibit the recombi-
nation of photogenerated carriers, but also accelerate the 
charge transfer between layers in g-C3N4[15]. Element dop-
ing in g-C3N4 crystal [14, 15] or noble metal decoration on 
its surface [16] have also been studied, which have effec-
tively improved its photocatalytic performance. It is worth 
noting that there were more and more reports on photocata-
lytic degradation of g-C3N4-based composites to pollutants 
in recent years, such as  Fe3O4/g-C3N4[17], CdS/g-C3N4[18] 
and g-C3N4/Cu2O heterojunction [19]. The g-C3N4 com-
posites with different semiconductors not only contribute 
to the rapid separation of photogenerated electron–hole 
pairs, but also enhance the carrier mobility in the crystals. 
Furthermore, the matched band structures between g-C3N4 
and semiconductors in composites can also broaden the 

absorption band of sunlight [12, 13, 20]. ZnO with excel-
lent photoelectric properties, is one of the semiconductor 
materials matching the band structure of g-C3N4, and the 
composite of ZnO and g-C3N4 has also been widely studied 
in photocatalysis [21]. Commonly, the composite was pre-
pared by heat treatment method. However, there were still 
some unsatisfactory aspects in the ZnO/g-C3N4 composite 
prepared by this method, like single morphology, large ZnO 
grain size, small specific surface area and low reaction sites, 
which led to the low carrier transfer efficiency in composite 
[22, 23]. Due to the wide bandgap of ZnO of 3.37 eV, the 
composite of ZnO and g-C3N4 can broaden the absorption 
band from visible region to UV region [24, 25].

Based on the above discussions, a composite of ZnO 
nanorods/g-C3N4 with specific morphology was prepared 
by a hydrothermal method and its photocatalytic properties 
were studied. Differing from general method that g-C3N4 
nanostructure grown on ZnO nanorods, bulk g-C3N4 as 
the matrix in composite was first prepared by a thermal 
polymerization method, and then ZnO nanorods were 
second grown on the surface of g-C3N4 by a hydrother-
mal method. The synthesis and photocatalytic proper-
ties of ZnO/g-C3N4 composites were studied from a new 
perspective.

2  Experimental details

2.1  Preparation of bulk g‑C3N4

Bulk g-C3N4 was synthesized by the one-step thermal 
polymerization method. 1 g melamine was heated to 590 °C 
in an air atmosphere and kept in an alumina crucible for 4 h 
in an alumina crucible, then the product was grinded into 
powder. After washing with ethanol and deionized water 
(DI) in turn, the powder product was dried in vacuum dry-
ing oven at 70 °C. Finally, the yellow powder g-C3N4 was 
obtained and labeled as “CN”.

2.2  Deposition of ZnO seed particles on the surface 
of bulk g‑C3N4

6.585 g zinc acetate dihydrate [Zn  (CH3COO)2•2H2O] was 
dissolved in the mixed solution of 48 mL 2-methoxyethanol 
 (CH3CHOHCH2OCH3) and 2 mL ethanolamine  (C2H7NO) 
and stirred at 70 °C for 2 h in a water bath, then the sol solu-
tion as ZnO precursor was obtained after standing for 48 h. 
Then 0.2 g g-C3N4 and 1 mL sol solution were mixed and 
transferred to an alumina crucible, heated at 590 °C for 1 h 
in an air atmosphere, and the bulk g-C3N4 with ZnO seed 
particles on its surface was obtained, labeled as “ZCN”.
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2.3  Growing ZnO nanorods on the surface of g‑C3N4

0.6585 g zinc acetate dihydrate [Zn  (CH3COO)2•2H2O], 
0.42 g hexamethylenetetramine  (C6H12N4) and 0.48 g poly-
ethyleneimine [(CH2CH2NH) n] were put into 100 mL DI 
water and ultrasonic dispersed for 30 min, then the hydro-
thermal precursor was obtained. Four samples of 0.04 g Z/
CN were dispersed into the hydrothermal precursor and kept 
in Teflon-lined stainless autoclave at 95 °C for 2 h, 3 h, 4 h 
and 5 h, respectively. According to the different growth time, 
the four final composite samples were named as “ZO/CN-2”, 
“ZO/CN-3”, “ZO/CN-4” and “ZO/CN-5”, respectively. The 
simplified experimental flowchart of ZO/CN series samples 
is illustrated in Fig. 1.

2.4  Photocatalysis experiments and experimental 
instruments

The photocatalytic experiments were carried out under Xe 
lamp simulating sunlight, and the rated power, current and 
voltage of the Xe lamp (CEL-LAX500, CEAULICHT) 
were 500 W, 20 A and 20 V, respectively, without filter. 
The distance between the Xe lamp and the MO solution sur-
face was 15 cm. 0.2 g composite sample was ultrasonically 
dispersed into a cuvette (1 cm × 1 cm × 5 cm) containing 
3.5 mL 20 mg/L MO solution. Then an UV–Vis absorp-
tion spectrometer was used to detect the absorbance change 
of the MO solution every 5 min. The absorbance value 
corresponding to the maximum absorption wavelength of 
MO at 465 nm was used to represent the concentration to 

characterize the photocatalytic performance of the sample. 
During the photocatalytic process, the powder sample was 
deposited on the bottom of the cuvette. There is no tempera-
ture monitoring and detection in the photocatalytic process.

The calculation formula of the sample degradation effi-
ciency (η) to MO solution is [20]:

where “C0” is the initial MO solution concentration and “C” 
is the concentration at the time “t”. In addition, to inves-
tigate the active groups during the photocatalytic process, 
the scavengers of triethanolamine (TEOA), isopropyl alco-
hol (IPA) and benzoquinone (BZQ) were selected to add to 
the reaction system under the same experiment conditions, 
respectively.

The structural properties of the samples (crystallinity and 
phase) were examined by an X-ray diffractometer (XRD, 
D8 Advance, Bruker) with Bragg–Brentano geometry. The 
surface morphology of the samples was characterized with a 
cold field-emission scanning electron microscope (FESEM, 
JSM-6700F, JEOL) and a transmission electron microscope 
(TEM, JEM-2010, JEOL), the element composition of the 
samples was analyzed with an energy-dispersive X-ray spec-
trometer (EDXS) attached to the FESEM above, the optical 
properties of the samples were studied by a Fluorescence 
spectrophotometer (PL, F97 pro, Lengguang Technology) 
with wavelength of 300 nm, the specific parameters are as 
follows: xenon lamp source, AC 220 V, frequency 50 Hz, 
rated power 200 W, sample carrier is a rectangular iron block 

(1)� =
(

C0 − C
)

∕C0 × 100%

Fig. 1  The preparation flowchart of the ZO/CN series samples
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with a diameter of 1 cm and a depth of 2 mm in the center of 
the surface, no filter, other parameters could not be further 
found. The UV–Vis diffuse reflectance spectrum (UV–Vis, 
PE Lambda 1050, PerkinElmer), and an X-ray photoelectron 
spectroscopy (XPS, ThermoFisher Scientific) was used to 
further study the surface chemical composition and element 
states of the samples.

3  Results and discussion

Figure. 2 shows the XRD patterns of the CN and ZO/CN 
composite samples. In the CN sample, corresponding to 
the (100) and (002) diffraction planes of g-C3N4 (marked as 
“▼”), two distinct characteristic peaks are obvious at 13.0° 
and 27.3° of 2θ [26], which are attributed to the in-plane 
structural packing motif of tri-s-triazine units and the inter-
planar stacking of aromatic systems in the sample. The peaks 
at the 2θ of 31.7 º, 34.3 º, 36.2 º, 47.5 º, 56.5, 62.8 º, 66.3 º, 
67.9 º and 69.0 º in the ZO/CN series composite samples cor-
respond to the (100), (002), (101), (102), (110), (103), (200), 
(112) and (201) diffraction planes of the hexagonal wurtzite 
structure ZnO (marked as “♦”, JCPDS No. 36–1451) [27], 
respectively. And the peak at the 2θ of 27.3 º appearing in 
all the ZO/CN series samples correspond to g-C3N4 (002) 
plane, which indicates the successful synthesis of the com-
posites. There are no visible ZnO related diffraction peaks 
in the ZCN sample shown in Fig. 2a, but the corresponding 
weak intensity peaks can be observed in the insert of Fig. 2a 
(The insert is a local enlargement of Fig. 2a), indicating that 
the amount of crystalline ZnO is very less, which may be 

because the total amount of ZnO is small, or ZnO is present 
in the form of extremely fine nanocrystals or amorphous. 
However, with the increase of the hydrothermal time, the 
characteristic peak intensity of the wurtzite ZnO in the ZO/
CN series samples changes regularly. The ZO/CN-2 sample 
with the shortest hydrothermal time of 2 h shows the highest 
intensity of the ZnO characteristic peaks which is mainly 
attributed to the ZnO seed layer on the surface of the g-C3N4 
considering the sparse ZnO nanorods in the composite, as 
shown in the SEM image in Fig. 3b, c, while the ZO/CN-3 
sample with more ZnO nanorods shows the lowest XRD 
diffraction peak intensity associated with ZnO. These data 
show that randomly oriented polycrystalline ZnO was rap-
idly generated in the composite samples in the initial stage 
of the reaction. The highest peak intensity of the ZO/CN-2 
sample in the composite samples is attributed to the forma-
tion of randomly oriented ZnO particles with good crystal-
lization after hydrothermal time of 2 h. As the hydrothermal 
reaction proceeded, crystal surface energy became the main 
driving force affecting the morphology of ZnO product, 
and ZnO crystal began to grow preferentially along the low-
energy (002) surface. At the same time, the ZnO seed layer 
began to dissolve under hydrothermal conditions. The two 
processes occurred simultaneously during the hydrother-
mal process, namely, the dissolution of small size ZnO seed 
particle and the growth of ZnO nanorods. With the further 
increase of hydrothermal time, the ZnO characteristic peak 
intensity in the ZO/CN-4 and ZO/CN-5 samples increases 
gradually. The results indicate that the number of ZnO 
nanorods increases with hydrothermal time, and which is 
confirmed by the following SEM measurements. Compared 

Fig. 2  a The XRD diffraction patterns of the ZnO nanorods, CN and ZO/CN series samples (The insert is a local enlargement of the ZCN sam-
ple pattern) and b The local enlargement of the XRD patterns of the ZnO and ZO/CN series samples
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with the CN sample, the (100) and (002) characteristic peaks 
of g-C3N4 in all the composite samples become very weak, 
which is due to the significant change of g-C3N4 crystalline 
structure during hydrothermal process. The result is con-
firmed by the following SEM and TEM measurements in 
Fig. 3. It can be seen that the microstructure of g-C3N4 was 
damaged with the increase of hydrothermal time, and its size 
changed from micron scale to nanometer scale. The decrease 
of structure size widens the XRD characteristic peak. There 
are no other peaks in the XRD patterns of the composite 
samples, indicating that no impurities were formed in the 
hydrothermal process. Figure 2b shows a local enlargement 

of the ZnO (101) diffraction peak of the ZO/CN-2 sample, 
from which it can be seen that the ZnO (101) peak shifts 
slightly to the direction of small angle. The peak shift may 
be attributed to lattice parameter change, residual stress and 
stacking fault density.

The surface morphology of the CN and ZO/CN series 
samples was investigated with SEM and TEM, as shown 
in Fig. 3. Figure 3a shows the irregular bulk morphology 
of the CN sample and Fig. 3b shows the morphology of 
the Z/CN sample with ZnO seed particles deposited on the 
surface of the bulk g-C3N4. The average size of ZnO seed 
crystals is between 20 and 50 nm. Figure 3 (c-f) shows the 

Fig. 3  The SEM images of the a CN, b Z/CN, c Z/CN-2, d Z/CN-3, e Z/CN-4 and f Z/CN-5 samples, and the g, h TEM images of the ZO/CN-3 
sample
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images of the ZO/CN series samples, in which it can be 
clearly seen that the ZnO nanorods with regular hexagonal 
prism shape grew outward from the center of the seed par-
ticles on the surface of the bulk g-C3N4. In the ZO/CN-2 
sample grown for 2 h, only a few nanorods surrounded 
by agglomerated ZnO nanoparticles can be observed in 
Fig. 3c. However, with the increase of hydrothermal time, 
more and more nanorods were grown in the composites, as 
indicated by the ZO/CN-3, ZO/CN-4 and ZO/CN-5 sam-
ples in Fig. 3d−f. With the increase of hydrothermal time, 
the diameter of ZnO nanorods decreases but the length 
increases. The aspect ratio of ZnO nanorods changes from 
6:1 for hydrothermal of 2 h to 8:1 for hydrothermal of 5 h. 
In addition, as shown in Fig. 3a−f, compared with the bulk 
g-C3N4, the bulk g-C3N4 structure gradually transforms 
into clustered nanoflakes with the increase of hydrother-
mal time in the ZO/CN-X series samples. As shown in 
the red circle in Fig. 3c, the size of g-C3N4 also shows a 
tendency to change from micrometer scale to nanometer 
scale. In addition, a large number of agglomerated ZnO 
seed particles in the ZO/CN-2 sample gradually decreases 
with hydrothermal time, and almost disappeared in the 
ZO/CN-5 sample. Moreover, the coexistence of g-C3N4 
and ZnO nanorods in the composite samples is further 
confirmed by the TEM measurements of the ZO/CN-3 
sample in Fig. 3g, h, in which the 0.249 nm plane spacing 
corresponds to the (101) planes of the hexagonal ZnO.

The element composition of the ZO/CN-3 sample is 
identified by the EDXS analysis in Fig. 4. Figure 4a shows 
the scanning area of the sample, and the peaks in Fig. 4 
(b) indicate the C, N, O and Zn elements in the ZO/CN-3 
sample, respectively.

The binding states of the elements in the ZO/CN-3 com-
posite sample were examined by the XPS measurements, as 
shown in Fig. 5. Figure 5a shows the electron binding states 
in C 1 s, N 1 s, O 1 s and Zn 2p orbitals in the composite 
sample, in which the C and N elements are from g-C3N4, 
and the Zn and O elements are from ZnO in the composite, 
respectively. The C 1 s electron binding state shows two 
peaks of 284.7 eV and 288.4 eV in Fig. 5b, corresponding 
to the C–C bond and  sp2-bonded aromatic ring (N = C-N) 
of g-C3N4, respectively [28, 29]. The N 1 s electron binding 
state peak can be fitted into three peaks with the centers of 
398.9 eV, 399.9 eV and 400.2 eV, as shown in Fig. 5c, in 
which the peak at 398.9 eV is attributed to the  sp2-bonded 
carbon triazine rings (C = N–C) in the ring structure, and 
the peaks at 399.9 eV and 400.2 eV are attributed to the 
tertiary nitrogen bonded to carbon atoms (N-(C)3) and amino 
groups (C-N-(H)2), respectively [30, 31]. Figure 5d shows 
the O 1 s electron binding state in the ZO/CN-3 sample, in 
which the O 1 s binding energy can also be fitted into three 
peaks of 530.15 eV, 531.27 eV and 532.49 eV, correspond-
ing to the lattice oxygen of ZnO  (O2− ions),  VO defects and 
chemisorbed oxygen  (H2O,  O2,  OH−, etc.), respectively. And 
Fig. 5e shows the Zn 2p electron binding state in the sample, 
and two characteristic peaks at 1021.97 eV and 1045.10 eV 
correspond to the Zn  2p3/2 and Zn  2p1/2 states, respectively 
[32], indicating that the oxidation state of Zn in the ZO/
CN-3 sample is + 2 [33]. The XPS results confirm the suc-
cessful synthesis of the ZO/CN composite sample.

The UV–Vis diffuse reflectance absorption spectra of 
the g-C3N4 and Zn/CN series composite samples are shown 
in Fig. 6. The absorption edge of the CN sample is about 
470 nm and that of the ZO/CN series samples are about 
400 nm, which indicates the intrinsic absorption of g-C3N4 

Fig. 4  The EDXS measurement of the ZO/CN-3 sample: a The scanning area of the ZO/CN-3 sample for element mapping and b The detailed 
element composition
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Fig. 5  The XPS spectra of the ZO/CN-3 sample: a The full spectrum, b−e The binding energy of C 1 s, N 1 s, O 1 s, and Zn 2p, respectively
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and ZnO, respectively [34]. With the increase of hydrother-
mal time, the intrinsic absorption of the ZO/CN series sam-
ples increases gradually in the UV region, which is due to 
the synergistic effect of the dissolution of ZnO seed particles 
and the growth of ZnO nanorods. The lowest absorbance of 
the ZO/CN-2 sample among the composites samples in the 
UV region is dominated by the ZnO seed particles, while the 
highest absorbance of the ZO/CN-5 sample is determined 
by the dense ZnO nanorods. The absorbance of the ZO/
CN-3 and ZO/CN-4 samples with similar value is between 
that of the ZO/CN-2 and ZO/CN-5 due to the synergistic 
effect. Furthermore, the visible light absorption of the ZO/
CN series composite samples is higher than that of the CN 
samples at the wavelength higher than 475 nm. Considering 
that the wavelength higher than the intrinsic absorption of 
ZnO and g-C3N4, the strong absorption of the composite 
samples should be attributed to the diffuse reflection of light 
between the dense ZnO nanorods, which is favorable for the 
samples to utilize sunlight.

Figure 7 shows the PL spectra of the CN and ZO/CN 
series composite samples excited by a wavelength of 
300 nm. There are two peaks at 470 nm and 400 nm in 
ZO/ CN-x sample, in which two peaks indicate the intrin-
sic emissions of g-C3N4 and ZnO, respectively [11, 35]. 
Among all the samples, the intrinsic emission peak inten-
sity of g-C3N4 in the CN sample is the highest, while in 
the composite samples, it decreases with the extension of 
hydrothermal time due to the gradual increase of the number 
of ZnO nanorods. Interestingly, although numerous of ZnO 
seed particles are confirmed in the ZO/CN-2 sample by the 
SEM and XRD measurements, the intrinsic emission peak 
intensity of ZnO is the lowest in the composite samples, 

which is attributed to the high separation efficiency of the 
photogenerated electron–hole pairs due to the large contact 
interface area between ZnO seed particles and bulk g-C3N4. 
Furthermore, the relative high  VO defect concentration also 
contributes to the separation efficiency, which is indicated 
by the weak peak at 455 nm in the PL measurements. As 
discussed above, the hydrothermal process actually includes 
two processes: the dissolution of small size ZnO seed par-
ticles and the growth of ZnO nanorods. Considering that 
the seed particles exist in all the samples, the dissolution of 
seed particles reduces the amount of photogenerated car-
riers in ZnO near the interface between two components. 
The contribution of these two processes makes the intrinsic 
emission peak intensity of the ZO/CN-3 sample the highest. 
From the previous SEM measurements, with the increase of 
hydrothermal time, the number of ZnO nanorods increases 
in the composite samples. If only ZnO nanorods are con-
sidered, the intrinsic emission peak intensity of ZnO in the 
ZO/CN-4 and ZO/CN-5 samples should be higher than that 
in the ZO/CN-3 sample. However, as shown in Fig. 7, the 
intrinsic emission peak intensity of ZnO in the ZO/CN-4 
and ZO/CN-5 samples is lower than that in the ZO/CN-3 
sample. Therefore, the reduced ZnO intrinsic emission peak 
intensity in the ZO/CN-4 and ZO/CN-5 samples should be 
attributed to the separation of photogenerated carriers. Due 
to the potential difference between g-C3N4 and ZnO energy 
bands, photogenerated holes in ZnO component are trans-
ferred to g-C3N4 component, which inhibits the recombina-
tion of photogenerated electrons and holes in ZnO. Thus, the 
intrinsic emission peak intensity in the ZO/CN-4 and ZO/
CN-5 samples is reduced.

The photocatalytic properties of the CN and ZO-CN 
series samples were tested by the degradation of MO solu-
tion under the simulated sunlight irradiation, as shown in 

Fig. 6  The UV–Vis diffuse reflectance absorption spectra of the ZnO, 
CN and ZO/CN series samples

Fig. 7  The PL spectra of CN, ZO/CN-2, ZO/CN-3, ZO/CN-4 and 
ZO/CN-5 samples were studied at the emission wavelength of 300 nm
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Fig. 8. Figure 8a, b shows the photocatalytic degradation 
performance of the samples to MO dye solution, and Fig. 8c 
shows the cyclic degradation tests of the ZO/CN-3 sample to 
MO solution to investigate its reusability in photocatalysis. 
The photocatalytic performance of the composite samples 
is a combination of specific surface area, nanostructure size, 
carrier concentration and mobility in crystals and separation 
efficiency of electron–hole pairs. During the photocatalytic 
process, the degradation performance of the composite sam-
ples at different stages is dominated by different factors. As 
seen in the figure, the photocatalytic performance of the CN 
sample is always the lowest because it is actually a single 
substance of g-C3N4, while for the composite samples, the 
photocatalytic efficiency in the first five minutes follows an 
order of  EZO/CN-5 >  EZO/CN-2 >  EZO/CN-3 >  EZO/CN-4. Consider-
ing the dense ZnO nanorods with high aspect ratio grown 
on the surface of bulk g-C3N4, the ZO/CN-5 sample has a 
large specific area from the ZnO nanorods, then the highest 
degradation efficiency mainly originates from the surface 
reaction, which makes the photocatalytic efficiency of the 
ZO/CN-5 sample the highest. For the ZO/CN-2 sample with 
high density of ZnO seed particles on the surface of bulk 
g-C3N4, the sufficient photogenerated carriers in ZnO seed 
particles and high separation efficiency of photogenerated 
electron–hole pairs contribute to the improvement of photo-
catalytic degradation. In addition, the high concentration  VO 
defects in the sample determined by the PL measurements 
in Fig. 7 also play the same role. Therefore, the ZO/CN-2 
sample also shows excellent photocatalytic degradation per-
formance. In the ZO/CN-3 sample with the reduced ZnO 
seed particles and continuous growth of ZnO nanorods, the 
number of photogenerated carrier in ZnO seed particles is 
reduced. Although the effect of the surface reaction from 

ZnO nanorods is improved, the effect of the separation of 
photogenerated carrier is inhibited. As a result of synergy, 
the photocatalytic performance of the ZO/CN-3 sample is 
decrease compared with the ZO/CN-2 sample. And due to 
the same reason, the photocatalytic degradation efficiency 
of the ZO/CN-4 sample is further decreased. However, the 
photocatalytic efficiency of the samples changes interest-
ing in the first 10 min of testing. At this stage, due to the 
heavily dissolved seed particles and depleted surface donor 
defects, the ZO/CN-5 sample shows the worst photocatalytic 
degradation efficiency, while the other composite samples 
show the similar degradation efficiency near 75% under the 
combined action of the factors. The photocatalytic degrada-
tion efficiency of the composite samples reaches a stable 
state at the degradation time of 30 min and follows an order 
of  EZO/CN-3 >  EZO/CN-2 >  EZO/CN-4 >  EZO/CN-5. At this stage, the 
ZO/CN-3 sample shows the best photocatalytic degradation 
efficiency, which is attributed to the effective absorption of 
incident light by g-C3N4 and ZnO components and the effec-
tive separation of photogenerated electrons and holes. Com-
pared with the ZO/CN-3 sample, the ZO/CN-2 sample with 
lower specific surface area can absorb lower incident light, 
but the excellent separation effect makes it show good pho-
tocatalytic efficiency. For the ZO/CN-4 sample, although a 
large number of photogenerated excitons are produced under 
light irradiation and separated, the depleted surface  VO 
defects weaken its photocatalytic degradation ability. Due 
to the same reason, the ZO/CN-5 sample shows the worst 
photocatalytic performance. From the above discussion, the 
separation efficiency of photogenerated electron–hole pairs 
and the surface  VO defects plays a key role in photocata-
lytic degradation process of ZnO nanorods/g-C3N4 compos-
ite and the actual photocatalytic degradation ability of the 

(b)

Fig. 8  The photocatalytic degradation performance of the samples to MO solution: a The time-dependent photocatalytic degradation efficiency 
of the samples and b Five cyclic photocatalytic degradation tests of the ZO/CN-3 sample
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composite sample depends on the synergy of two factors. 
In short, the bulk g-C3N4 with ZnO seed particles sample 
shows good separation efficiency of photogenerated carriers 
but low visible light absorbance due to the small specific 
area. With the increase of hydrothermal time, the dissolu-
tion of seed particles reduces photogenerated carrier sepa-
ration efficiency but the growth of ZnO nanorods improves 
the ability of visible light absorption and surface reaction. 
Hence the ZO/CN-3 sample with the hydrothermal time of 
3 h shows the best photocatalytic performance. In addition, 
the growth of ZnO in composite improve the specific area 
of composite sample and makes the concentration of the 
degraded solution quickly close to the final concentration.

In fact, the reusability of catalyst is also an important 
index to evaluate its catalytic performance. In order to inves-
tigate the reusability of the composite samples in photoca-
talysis, the ZO/CN-3 sample was selected for five cycles 
of photocatalytic degradation to MO solution, as shown in 
Fig. 8c. Due to the photocorrosion of the composite and 
the inevitable sample recovery loss in the cyclic photocata-
lytic test, the photocatalytic degradation efficiency of the 
ZO/CN-3 sample decreases from 85.7% in the initial test to 
68.8% in the fifth test, maintaining good degradation per-
formance. The cyclic photocatalytic degradation test results 
show that the ZnO nanorods/g-C3N4 composite exhibits 
good reusability in photocatalysis.

In order to determine the mechanism of photocatalytic 
degradation of the composite samples to MO solution and 
the main active reaction groups in the process, the ZO/CN-3 
sample was selected for the free radical trapping experiment. 
Triethanolamine (TEOA), isopropanol (IPA) and benzoqui-
none (BZQ) were selected as the active group scavengers 
for hole  (h+), hydroxyl radical (•OH) and superoxide anion 
(•O2

−), respectively. As indicated in Fig. 9, the photocata-
lytic degradation efficiency of the ZO/CN-3 sample to MO 
solution is 85.7% in the reaction system without scavenger. 
When TEOA, BZQ and IPA were added into the reaction 
system, respectively, the degradation efficiency decreased 
to 30.9%, 50.9% and 76.6%, indicating that  h+ and •O2

− are 
the main active groups in the photocatalytic degradation 
process, and the contribution of •OH to degradation effi-
ciency is minor. Due to the formation of ZnO Nanorods/g-
C3N4 heterojunction, the electrons enriched in ZnO conduc-
tion band react with the surface absorbed  O2 molecules to 
generate •O2

− groups. As the intermediate active groups 
in photocatalytic reaction process, •O2

− groups have high 
activity, and react with other groups to generate •OH groups 
which directly participate in the degradation reaction of MO 
molecules.

Based on the above discussion, the separation efficiency of 
the photogenerated electron–hole pairs is the most important 
factor affecting the degradation efficiency of ZnO nanorods/
g-C3N4 composite, then it is necessary to make clear the 

separation mechanism of the photogenerated electron–hole 
pairs in photocatalytic degradation process. Considering the 
conduction band bottom (CB) and valence band top (VB) of 
g-C3N4 are -1.2 eV and + 1.5 eV, respectively, and those of 
ZnO are -0.5 eV and + 2.87  eV[36,37], the band structure of 
ZnO nanorods/g-C3N4 composite is constructed in Fig. 10. 
Both ZnO and g-C3N4 in the composite are n-type semicon-
ductors, when the composite is irradiated by the light meeting 
the energy requirements, the electrons in the VBs of the two 
semiconductors are excited to their respective CBs, leaving 
holes in their respective VBs. Considering the band potential 
difference between ZnO and g-C3N4, the electrons in the CB 
of g-C3N4 will be transferred to that of ZnO, and the holes in 
the VB of ZnO would also be transferred to that of g-C3N4 at 
the same time, then the photogenerated electrons and holes 
in the composite are separated in two different semiconduc-
tors. The separation of the photogenerated electron–hole pairs 
inhibits the recombination of excitons, which prolongs the life-
time of excitons and makes the electrons and holes participate 
in the photocatalytic degradation reactions effectively. Then 
the separated electrons react with the  O2 molecules on the 
surface of ZnO nanorods to generate superoxide anion radi-
cals (•O2

−), and the holes react with the  H2O molecules or 
hydroxides on the surface of g-C3N4 to form hydroxyl radicals 
(•OH). Finally, •O2

− and •OH react with MO dye molecules 
to form the final products. The relevant degradation reactions 
are described by the following equations:

(2)g − C3N4 + hv → h+ + e−
(

g − C3N4

)

(3)ZnO + hv → h+ + e−(ZnO)

Fig. 9  The contribution comparison of the different scavengers on the 
degradation efficiency of the ZO/CN-3 sample to MO solution
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4  Conclusions

ZnO nanorods/g-C3N4 composite was prepared by growing 
ZnO nanorods on the surface of bulk g-C3N4 via a hydro-
thermal method. The composite preparation conditions 
and the effects of the morphology of ZnO nanorods on the 
photocatalytic properties of the composite were investi-
gated. The hydrothermal process includes two processes 
of the dissolution of ZnO seed particles and the growth of 
ZnO nanorods, and the ratio of ZnO seed particles to ZnO 

(4)e−
(

g − C3N4

)

→ e−(ZnO)

(5)e−(ZnO) + O2 → ∙O−
2

(6)h+(ZnO) → h+
(

g − C3N4

)

(7)h+
(

g − C3N4

)

+ H2O∕OH
−
→ ∙OH

(8)∙O−
2
+ H+

→ HO2∙

(9)HO2∙ → O2 + H2O2

(10)H2O2 + ∙O−
2
→ ∙OH + OH− + O2

(11)∙OH + MO → degradation products

nanorods can be controlled by hydrothermal time. With 
the short hydrothermal time of 2 h, the ratio of ZnO seed 
particles to ZnO nanorods is high. Although the separa-
tion effect of photogenerated electron–hole pairs is strong 
due to the large interface area between ZnO seed particles 
and g-C3N4, the number of carriers is insufficient, thus 
the photocatalytic performance of the composite is poor. 
While with the long hydrothermal time more than 4 h, 
the ratio of ZnO seed particles to ZnO nanorods is low 
due to the dissolution of ZnO seed particles. Although 
numerous of photogenerated carriers are produced due 
to the dense ZnO nanorods, the reduced interface area 
between ZnO and g-C3N4 crystals reduces the separa-
tion efficiency of the photogenerated electron–hole pairs, 
and the recombination of excitons also leads to the poor 
photocatalytic degradation efficiency of the composite. 
While for the sample prepared with 3 h of hydrothermal 
time, the sufficient photogenerated carriers and the good 
photogenerated electron–hole pair separation efficiency 
makes the composite sample show the best photocatalytic 
performance, in which the main active factors contributing 
to the photocatalytic degradation efficiency are holes and 
superoxide groups. In our research work, the growth of 
ZnO nanorods/g-C3N4 composites can be well controlled 
by adjusting the hydrothermal holding time under a certain 
hydrothermal temperature, and the microstructure can be 
further adjusted. That is to say, the separation efficiency of 
photogenerated electron–hole pairs in the composite can 
be indirectly controlled by material design, which provides 
a reference for the design of ZnO nanorods/g-C3N4 related 
photocatalytic composites.

Fig. 10  The schematic diagram 
of the photocatalytic degrada-
tion mechanism of the ZO/CN 
series samples.
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