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Abstract: In this article, ZnO quantum dots (QDs)-g-C3N,
complexes were prepared by a combined sol-gel method
and ultrasound-assisted chemical method, and ZnO-g-C3N,
composites with different doping ratios were also prepared
for photocatalytic degradation of dye wastewater. The compo-
sites were characterized by scanning electron microscopy,
transmission electron microscopy, X-ray diffractometry,
Fourier transform infrared, X-ray photoelectron spectroscopy,
diffuse reflectance spectroscopy, and photoluminescence. The
photocatalytic performance of the best ZnO QDs-g-C3N, com-
plexes with different g-C3N, doping amounts was investigated,
and the kinetics of their photocatalytic reactions were ana-
lyzed, and it was found that the best effect of ZnO-g-C3N, 10%
could reach 89.08% and ZnO QDs-g-C3N, could reach 91.53%. It
was also demonstrated that ZnO-g-C3N, 10%, ZnO QDs-g-CsN,
cyclic stability is better, and the reaction mechanism of
Zn0 QDs-g-C3N, was investigated. It can be used for the degra-
dation of dyes in environmental wastewater and the removal
of harmful substances from the natural environment.

Keywords: ZnO QDs, ZnO QDs-g-C3N,, photocatalytic per-
formance, antibiotic drug degradation

1 Introduction

Rapid economic development from the past century to this
century and the use of drugs and chemicals in agriculture

# These authors contributed equally to this work.

* Corresponding author: Lixia Jin, Heilongjiang University of Chinese
Medicine, Harbin, Heilongjiang, China, e-mail: jinlixia1980@126.com
Haiyang Liu, Zhe Wang, Heng Zhang: Heilongjiang University of
Chinese Medicine, Harbin, Heilongjiang, China

Yuehui Zhao: Inspection and Testing Center, Jiamusi, China

have made water pollution more and more serious [1]. The
deterioration of water quality in rivers and lakes and the
scarcity of freshwater resources have seriously threatened
the health of the water environment [2]. Especially in the era
of rapid industrial development, printing and dyeing waste-
water treatment has been a key issue. Dye wastewater with
large amount, high organic content and high chroma is
widely recognized as intractable industrial wastewater [3-6].
To solve these problems, numerous researchers have used
various methods to treat dye wastewater [7].

Among the many water pollution treatment options
that have been developed, photocatalysis is an effective
method for solving water pollution problems because of
its low operating costs, its ability to completely mineralize
pollutants, and its ability to degrade organic pollutants to
less toxic or non-toxic components [8]. Photocatalysis can
use solar energy to degrade pollutants by exciting electron
transfer in semiconductor photocatalysts [9]. The most
important factor in this technology is the photocatalyst,
which converts solar energy into chemical energy that
destroys the pollutant. Currently, metals, metal oxides,
nonmetals, semiconductors, metal-organic frameworks,
and other materials have been extensively studied for
the degradation of dye molecules in wastewater [10-12].

As a representative of photocatalytic materials, zinc
oxide (ZnO) stands out in water treatment because of its
unique attributes, such as low price, good stability, and
obvious surface and interface effects [13-15]. However, ZnO
photocatalyst itself also has some defects: its own light absorp-
tion capacity is very poor and electron-hole pair separation
rate is very low [16-19]. Therefore, it has become a hot topic
of research to improve the degradation efficiency under
visible light through research on its own modification: doping
modification, crystal appearance control, thin film loading,
composite of different materials, etc. [20-23]. Also known as
semiconductor nanoparticles or semiconductor nanocrystals,
quantum dots (QDs) have a size-dependent electronic struc-
ture and excellent optoelectronic properties.

QDs have been regarded as a new generation of fluores-
cent biomarker probes that can replace traditional fluorescent
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organic molecules by researchers worldwide and have been
widely used in various disciplines such as cell labeling [24,25],
nano-drug delivery [26-29], and biosensors [30]. The main
methods commonly used for the synthesis of ZnO QDs are
hydrothermal method [31], sol-gel method [32], and micro-
emulsion method [33].

The advantages of g-C3N,, such as high stability of physico-
chemical properties, diverse structures, simple preparation,
and abundant and cheap preparation materials, make it
widely used in photocatalytic carbon dioxide conversion
[34-38], photocatalytic pollutant treatment [39-41], photo-
catalytic organic synthesis [42-44], and especially in photo-
catalytic decomposition of aquatic hydrogen.

Rhodamine B (RhB) is one of the main pollutants in dye
wastewater. RhB is a bright-red synthetic onion quinone
dye. Because of its bright color, it is widely used in dyeing
and textile industry.

Commonly used water treatment methods have high
treatment costs, low removal rate, secondary pollution,
and other disadvantages, so it needs a water treatment tech-
nology with high efficiency, environmental protection, com-
plete reaction, and no secondary pollution. Semiconductor
photocatalysis technology has thus emerged. It is favoured
by researchers in environmental wastewater treatment due
to its conditions of high efficiency, non-pollution, low energy
consumption, simple operation and easy control. It can also
directly convert organic matter in water into non-toxic
materials without causing secondary pollution [45-48].

Waseem et al. [49] greatly improved the degradation
rate by doping neodymium and erbium on ZnO, where
the neodymium-doped ZnO was essentially completely
degraded for methylene blue within 10 min. Suwiwat et al.
[50] used highly mesoporous carbon-ZnO nanocomposites
and found that the adsorption of methylene blue and Congo
red were 399 and 410 mg g™, respectively, and the syner-
gistic effect of adsorption and photocatalytic degradation
resulted in a maximum removal of methylene blue of
614mg g™ and Congo red of 2,628 mg g *. Huang et al. [51]
prepared thin layers of porous amino-rich g-C3N, by a
precursor modification strategy using different acid-
reformed dicyandiamide and applied them to the degra-
dation of RhB.

In this article, Zn0O-g-C3N,, ZnO QDs-g-C3N, complexes
with different doping ratios were synthesized, and a series
of characterizations were performed to demonstrate their
successful preparation. The photocatalytic degradation
experiments were carried out using RhB solution as the simu-
lated dye wastewater in the degradation experiments under
visible light. The stability of the catalyst was investigated
after five cycles using catalyst cycling stability experiments.
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The principle of photocatalytic degradation of ZnO QDs and
its complexes was investigated using free radical capture
experiments.

2 Material preparation

2.1 Preparation of Zn0-g-C3N,

One gram of ZnO was added to a beaker containing 60 mL
of anhydrous ethanol, and the corresponding mass of
g-C3N, weighed in different ratios was added to the beaker
and sonicated for 1h. It was poured into the hydrothermal
reactor and put into the high temperature drying oven at
140°C for 10 h. The purpose of fully combining the two pow-
ders under high temperature and pressure was achieved. The
material was removed and centrifuged, the supernatant was
poured off, and the remaining powder was placed in a
vacuum drying oven at 60°C for 24 h to dry the sample suffi-
ciently. Then the samples were put into a high temperature
drying oven at 200°C and kept for 120 min, which can improve
the crystallinity and remove the water from the photocatalyst
at the same time. The products were labeled as ZC-3, ZC-5, ZC-7,
ZC-10, and ZC-20 by adding g-C3N4 with different mass frac-
tions of 3%, 5%, 7%, 10%, and 20%, respectively.

2.2 Preparation method of ZnO QDs-g-C3N,

One gram of ZnO QDs is weighed and added into a beaker
containing 60 mL of anhydrous ethanol; then 0.01g of
g-C3N, is added into the beaker and ultrasonication is per-
formed for 1h so that the mixed solution can be fully
mixed. After the ultrasound is finished, the material in
the beaker is poured into the hydrothermal reaction kettle
and put into the high-temperature drying oven. The tem-
perature of the high-temperature drying oven is set at
140°C and the time is set at 10 h, to achieve the purpose
of fully combining the two powders under high tempera-
ture and high pressure.

The material is taken out and centrifuged. The super-
natant of the centrifuged material is poured out and the
remaining powder was put into a vacuum drying oven at
60°C for 24 h to dry the sample. To improve the crystallinity
of the samples, the samples were then placed in a high-
temperature drying oven set at 200°C for 120 min. At the
same time, the water in the photocatalyst was removed
and the product was labeled ZC QDs-10.
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3 Results and discussion

3.1 Effect of different pH solutions on the
degradation performance of RhB

A measure of 0.02 g of photocatalyst ZnO-g-C3N, 10% com-
posite was taken, and 50 mL of 10 mg-L™" of RhB solution
with pH values of 1, 3, 5, 7, and 11 were prepared. The effect
of pH of the solution on the degradation performance was
discussed by dark reaction for 60 min and light reaction for
6h at room temperature. The experimental results are
shown in Figure 1.

As can be seen from Figure 1, the degradation of cat-
alyst is relatively good when the pH value is in the acidic
range. When pH = 3, its degradation rate reaches the max-
imum, about 91%. The reason for this phenomenon is that
the OH or H" added to the solution changes the charge
characteristics and interface properties of the surface of
the photocatalyst of Zn0O-g-C3N, 10% composite material, as
well as the existence form of degradation substances,
which further affects the catalytic activity of the photoca-
talyst. When there is a large amount of OH™ in the solution,
the catalyst itself is negatively charged, while the analog
dye RhB is positively charged. At this time, it will trap the
resulting photogenic holes, thus reducing the hydroxyl
radical. Therefore, in alkaline environment, its degrada-
tion ability is greatly inhibited. When a large amount of
H" exists in the solution, the situation is just the opposite. It
can transfer the photogenerated electrons to itself, which is
further conducive to the generation of oxidizing hydroxyl
radical and improve the degradation performance of the
photocatalyst. Therefore, in the acidic range, the degradation
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Figure 1: Effect of different pH solutions on the degradation perfor-
mance of RhB.
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performance of the catalyst is very good, and the degradation
rate of the simulated dye RhB is also high.

3.2 Field emission scanning electron
microscopy (FESEM) (ZG)

The morphology of the nanoparticles can be directly
observed by FESEM. Figure 2a and b shows that the mor-
phology of ZnO nanoparticles shows a relatively regular
granular structure and all particles have a relatively uni-
form size, so the preparation of the material is successful. As
can be seen in Figure 2c, the prepared samples have a
lamellar structure that is mostly broken, with a highly irre-
gular surface and the appearance of holes, probably because
of the unsatisfactory melamine condensation effect during
firing. The structure of the lamellae was thin and relatively
uniformly distributed. Figure 2d—f presents the SEM scans of
Zn0-g-C3N, with different mass percentages of doped g-C3Ny;
it can be seen that the surface morphology of the binary
composite ZnO-g-C3N, is also small particles and shows a
uniform distribution, in which g-C3Ny is not clearly visible
in the figure, indicating that ZnO is dispersed more uni-
formly on the surface of the flake g-C3N,, which also indi-
cates that the two materials have good affinity when they
are compounded. Moreover, the microscopic morphology of
g-C3N4-ZnO did not change significantly with the increase of
the mass percentage of g-C3N,.

3.3 Transmission electron microscopy
(TEM) (ZG)

To further observe the morphological characteristics inside
the Zn0-g-C3N, 10% composite and the distribution of ZnO in
g-C3N,, TEM characterization was performed. It can be seen
from Figure 3a that ZnO is well dispersed, one by one in
granular form with relatively uniform size. The spherical
Zn0 is attached to the g-C3N4 sheet in Figure 3b, verifying
that the composite consists of ZnO and g-C3Ny.

3.4 High-resolution transmission electron
microscopy (HRTEM) (ZG QDs)

In order to obtain the morphological characteristics of ZnO
QDs, HRTEM analysis was performed using the ZnO QDs. It
can be seen that the produced samples are well dispersed
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Figure 2: FESEM images of (a,b) ZnO, (c) g-C3N,, (d) ZnO-g-C3N,4 3%, (e) ZnO-g-C3N,4 10%, and (f) ZnO-g-CsN4 20% nanoparticles.

and have a relatively uniform particle size scale distribu-
tion. The dark-colored part with lattice display is the
core of ZnO QDs. Figure 4a and b is the TEM image of
ZnO QDs. As can be seen from the TEM image in Figure
4c, the sample prepared is the ZnO QDs-g-CsN, composite
structure.

3.5 X-ray diffractometry (XRD)

Figure 5 shows the XRD plots of Zn0O-g-CsN, binary compo-
sites with different g-C3N, contents. And it can be seen that
the XRD plots of ZC binary composites with different g-C3N,
contents correspond well with the XRD peak positions of

Figure 3: TEM diagram of (a) ZnO and (b) ZnO-g-C3N4 10% nanoparticles.

single ZnO. The peak of g-C3N, appeared at 26 of 27.8° in the
binary composites 20% ZC and 10% ZC, indicating that
g-C3N, was successfully compounded with ZnO by hydro-
thermal method. g-C3N, peaks did not appear in the XRD
plots of 3% ZC, 5% ZC, and 7% ZC, probably due to the
relatively low content of g-CsN,. 10% ZC had the sharpest
peak pattern with more prominent and better recognizability.

The data of the XRD patterns of ZnO QDs-g-C3N, 10%,
Zn0-g-C3N,4 10%, ZnO, and ZnO QD composite samples are
displayed in Figure 6. It can be seen from the figure that
compound ZnO QDs-g-C3N, 10% was compared with ZnO-g-
(3N, 10%, and the peak area widened, which could improve
the photocatalytic performance.

3.6 Fourier transform infrared (FT-IR)

The complexes also have typical stretching vibrational
absorption peaks of g-CsN, around 1240-1640 cm™* and
810 cm™. This also indicates the successful complexation
of ZnO, ZnO QDs with g-C3N, in the complexes ZnO-g-C5N,
10%, ZnO QDs-g-CsN; 10%. The absorption peaks near
1,240-1,640 cm ™! and 810 cm™ are attributed to the typical
stretching vibration of g-C3N, which also indicates the
successful compounding of ZnO with g-C3N, in the complex
Zn0-g-CsN,.
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Figure 4: HRTEM images of (a,b) ZnO QDS and (c) ZnO QDS-g-C3N4 10% nanoparticles.

For the composites Zn0-g-C3N4 10%, ZnO QDs-g-C3Ny
10%, it can be seen from Figure 8 that both have a
wider typical absorption peak of ZnO in the range of
500 cm™* vibrated by Zn-O stretching. The complexes
also have typical stretching vibrational absorption peaks
of g-C3N, around 1240-1640 cm™* and 810 cm™. This
also indicates the successful complexation of ZnO, ZnO
QDs with g-C3N, in the complexes ZnO-g-C3N, 10%,
Zn0 QDs-g-C3N, 10% in the successful complexation of
Zn0, ZnO QDs, and g-C3N,.

3.7 X-ray photoelectron spectroscopy (XPS)

Figure 9a-f presents the full spectrum analysis diagram of
ZC QD composite sample and the XPS diagram of four ele-
ments. The presence of the four elements can be seen in
the spectrogram of the XPS of the ZnOC QD composite in
Figure 9a. The peak positions of C, N, O, and Zn in the
binary composite can be determined from the figure, and
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Figure 5: XRD diagram of composite samples with different g-CsN,4
contents of Zn0-g-C3N,.

there are no miscellaneous peaks in the figure, indicating
the successful synthesis of ZC binary composite.

Figure 9b shows that C1s has three feature peaks. Cls
peak with peak position of 284.6 eV is used in the experi-
ment to achieve calibration of peak position error. The Cls
orbital in ZC sample can be divided into C-C, C-O, and
N-C=N components, whose binding energies are located
at 284.8, 286.4, and 288.7 eV, respectively [52,53]. There are
two peaks at 284.8 and 288.7 eV, which correspond to C-C
and N-C=N groups in g-C3Ny.

Figure 9c shows that Ols has three feature peaks,
namely Zn-0, C=0/-0H, and C-0, with binding energies
at 530.3, 531.8, and 533.0 eV, respectively. The XPS spectra of
01s of ZC were obtained at high resolution. Through Gaus-
sian fitting, O with two components of binding energies of
530.3 and 531.4 eV was found. The peak of 531.4 eV binding
energy is generally considered to be OH™ adsorbed on the
surface of the material, and the peak of 530.3 eV is 0% in
Zn0 [54-56].
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Figure 6: XRD plots of ZnOQDs-g-C3N,4 10%, Zn0-g-C3N4 10%, ZnO, and
Zn0O QD composite samples.
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Figure 7: FT-IR spectrum map of the composite samples with different
g-C3N4 contents of Zn0O-g-C3Ny.

As shown in Figure 9d and e, it can be seen that the
energy difference of orbital spin splitting peaks (2p** and
2p"®) in Zn2p spectrum is about 23eV, and two peaks
(Zn2p*?* and 2p?) appear at 1,021.7 and 1,044.8 eV, respec-
tively, which is consistent with the XPS results of Zn?* [57].

In Figure 91, the 398.5 eV peak in N1s corresponds to the
SP? hybrid aromatic bonded to carbon atoms in g-CsN,, and
the corresponding 399.8 eV peak tertiary N(N—(C)s/H-N—(C),);
the third peak with high binding energy at 400.9 eV is attrib-
uted to quaternary N in an aromatic ring [54,58]. Through
element analysis, this is consistent with the data in the
existing literature. It further proves that the ZC QD compo-
site sample is successfully prepared.

3.8 Diffuse reflectance spectroscopy

The pure ZnO and ZnO QDs are white, and when combined
with g-C3Ny, the color of the sample changes from white to
light yellow. Pure ZnO and ZnO QDs show strong intrinsic
absorption in UV region. At the same time, due to the pre-
sence of surface defects (such as Zni, VZn, and VO), ZnO
and ZnO QDs also show a certain light response in the
visible region. Figure 10 shows the UV spectra of g-C3N,
with different contents of ZnO-g-C3N,4. g-CsN, has a band
edge positioned at about 460 nm, corresponding to a band
gap of 2.70 eV. However, the visible light absorption of bulk
g-CsN, is weak in the visible region from 500 to 800 nm.
Compared with pure ZnO, the absorption edge of the ZnO-
g-CsN, nanocomposite photocatalyst is red-shifted with the
increase of g-C3N,4 content in the feedstock and the visible
light absorption becomes stronger. It is noteworthy that
the best visible light absorption is achieved when the

ZnO QDs-g-C;N,10%
Eyrd] 2912 1673
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=
<
£
£
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Figure 8: The FT-IR spectral map of Zn0O-g-C3N4 10% and
Zn0 QDs-g-C5N4 10%.

mass proportion of g-C3N, is 10%. The visible light absorp-
tion of the composite photocatalyst decreased as the amount
of g-C3N, continued to increase, probably because the excess
coverage of the amorphous g-C3N, layer on the ZnO surface
affected the light absorption rate.

According to Figure 11, the non-complex radiation cen-
ters are reduced, and the exciton absorption capacity is
improved. ZnO QDs-g-C3N, 10% exciton absorption peak
position and half peak width did not change significantly,
indicating that the main body of the sample optical absorp-
tion is still ZnO core. The position of the 10% exciton
absorption region of ZnO QDs-g-C3N, has a slight red shift,
because the particle size of QDs is changed due to the
reaction conditions. In summary, ZnO QDs-g-CsN; 10%
nanocomposite has the best photocatalytic performance.

3.9 Photoluminescence (PL)

The recombination of photogenerated electron-hole pairs
causes luminescence (PL); therefore, measuring the inten-
sity of PL spectra helps us further understand the transport
and compounding processes of photogenerated carriers in
semiconductors. The emission of PL is caused by the
recombination of photogenerated carriers [59]. In general,
the weaker the fluorescence intensity, the better the
photocatalytic activity. It can be seen from Figure 12 that
Zn0-g-C3N, 10% photocatalytic effect is the best. The PL
intensity is significantly reduced due to the carrier transfer
between valence band (VB) of g-C3N, and conduction band
(CB) of ZnO, which inhibits, and limits, the recombination
of photogenerated carriers [60,61].
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Figure 9: The full-spectrum analysis diagram of the ZC composite samples and the XPS diagram of the four elements. (a) Full spectrum of ZC
composite sample, (b) C spectrum, (c) 2p spectrum of Zn, (d) O spectrum, (e) N spectrum, (f) LM2 spectrum of Zn.

3.10 Photocatalytic performance of different
g-CsN,4 doping amount catalysts

The experimental conditions are as follows: 10 mg-L " RhB
solution 50 mL, photocatalyst ZnO-g-C3N, dosage 0.02 g, pH
= 3, room temperature, dark adsorption for 60 min, and
light reaction time 6 h.

Figure 13 shows the degradation curves of catalysts
with different g-C3N, doping levels. The photocatalytic effi-
ciency of RhB solution was investigated by using ZnO and
g-C3N4 ZC binary composite materials with different doping

mass ratios (3%, 5%, 7%, 10%, 20%) under visible light.
Efficiency of photocatalytic degradation of composite mate-
rials with different g-C3N, doping mass ratios was investi-
gated by comparing with single ZnoO.

As shown in Figure 13, the degradation rates of ZnO,
ZC-3%, ZC-5%, ZC-7%, ZC-10%, and ZC-20% on RhB solution
were 37.69%, 50.49%, 68.57%, 89.08%, 89.08%, and 80.96%,
respectively, when visible light was irradiated for 360 min.
It can be seen that in binary composite ZC, the higher the
amount of g-CsN, doping, the stronger the photocatalytic
efficiency, and the visible light catalytic efficiency of ZC-10%
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Figure 10: UV spectrogram of g-C3N4 with different contents of ZnO-
g'C3N4.
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Figure 11: UV spectroscopy of ZnOQDs-g-C3N4 10%, ZnO-g-C3N,4 10%,
Zn0QDs, and ZnO.

is the highest. The main mechanism involves electron exci-
tation from the VB of g-C3N, to the CB under visible light
irradiation, and then further transfer to the CB of ZnO.
According to the aforementioned data, visible light catalytic
efficiency is the best when the percentage of g-CsN, is 10% in
a certain range.

3.11 Photocatalytic activity of the optimum
doping amount ZnO QDs-g-C3N, catalyst

In the experiment, the photocatalytic ZnO-g-C3N, 10% degra-
dation rate is the highest. Using ZnO-g-C3N, 10% as a reference

DE GRUYTER
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Figure 12: PL spectra of ZnO-g-C3N4 with different g-CsN, contents.

to prepare the same proportion of ZnO QDs-g-C3N, 10% cata-
lyst, its photocatalytic performance was explored. The
experimental conditions are as follows: 50 mL, 10 mg-L™"
RhB solution, photocatalyst ZnO QDs-g-CsN, 0.02 g, pH = 3,
room temperature, dark adsorption for 6 min, and light
reaction time for 6 h.

Figure 14 is the degradation curve of ZnO QDs-g-C3N,
catalyst with the optimal doping amount. The graph shows
that the adsorption energy of the photocatalyst doped with
g-C3N, was significantly enhanced during the dark adsorp-
tion process for the first 60 min. After 60 min, the degrada-
tion ability of the ZnO QDs-g-CsN, composite photocatalyst
doped with 10% g-C3N, was significantly stronger than that
of the pure Zn0O-g-CsN, powder catalyst.

When the light was turned on for 6 h, the degradation
rate of pure ZnO was only about 33%, while that of the ZnO-
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Figure 13: Degradation plots of different g-CsN, doping catalysts.
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Figure 14: Degradation graph of optimal ZnOQDs-g-C3N, catalyst.

g-C3N, composite photocatalyst achieved almost 89% degra-
dation. Compared with Zn0O-g-CsN, 10%, ZnO QDs-g-CsN, 10%
composite has smaller particle size, which increases the
visible light absorption contact area and improves the
photocatalytic efficiency. The photocatalytic efficiency of
Zn0 QDs-g-C3N,4 10% composite was about 91%; it is obvious
that the photo-catalytic efficiency of ZnO QDs-g-CsN, 10%
was higher.

3.12 Photocatalytic reaction kinetics
analysis of different g-C3N, doping
amount catalysts

To reach the adsorption—-desorption equilibrium, the com-
posite samples were subjected to a dark reaction in RhB for
1h. Subsequent photodegradation was performed, and it
can be seen from Figure 15 that the addition of g-CsN, to
form a binary hetero-junction improved the degradation
efficiency of RhB.

The highest degradation efficiency was observed when
the g-C3N, doping was 10%, which may be related to the low
efficiency of photo-generated electron-hole pair separation
in the binary composite. It can be seen from Figure 15 that
the photodegradation efficiency conforms to the first-order
kinetic equation In(C,/C,) = —kt, where t and k represent the
time constant and the rate constant, respectively.

As shown in Table 1, ZC-10% has a higher k value,
k = 0.002965, which is about twice that of ZnO. R? of each
ZC sample is more than 0.9, and it is concluded that each
sample conforms to the first-order reaction kinetic equa-
tion for Dgpp.
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Figure 15: ZC photocatalytic degradation of RhB primary reaction kinetic
constants.

3.13 Photocatalytic reaction kinetic analysis
of optimum doping amount of
Zn0-g-C3N4 and ZnO QDs-g-C3N, catalysts

The starting time of the photoreaction was set to zero, and
the In(Cy/Cp versus time t was analyzed for the ZC and
ZC QD samples; as shown in Figure 16, a linear relationship
exists for both samples, which is consistent with the pri-
mary reaction kinetics.

As shown in Table 2, ZC QDs-10% has the highest catalytic
efficiency compared to other material, k = 0.00323 min™,
about 2.2 times that of ZnO nanotubes. The correlation coeffi-
cient R* of ZC QD composite sample is more than 0.9, and it is
concluded that the sample conforms to the first-order reac-
tion kinetic equation for Dryp.

3.14 Cycle stability analysis

The stability and reusability of the catalysts were evaluated
by cycling experiments of photocatalytic degradation of

Table 1: ZC photocatalytic degradation of RhB primary kinetic data

Sample name Regression equation K R?
Zn0 y =0.0995x - 0.1077 0.00147 0.928
Zn0-g-C3N,4 3% y=0.1151x - 0.1327 0.00168 0.9746
Zn0-g-C3N,4 5% y=0.1177x - 0.0781 0.00182 0.9821
Zn0-g-C3N4 7% y =0.1311x - 0.1575 0.00190 0.9843
Zn0-g-C3N,4 10% ¥ =0.1998x — 0.2098 0.00296 0.9169
Zn0-g-C3N,4 20% y =0.1295x - 0.2182 0.00182 0.8533
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Figure 16: Primary reaction constant for the photocatalyzed degradation
of RhB in composite samples with optimal doped amounts of g-C3N,.

RhB. The ZG-10% sample with the best photocatalytic per-
formance was selected to be washed with water and alcohol
four times, dried, sonicated, and dried, respectively, for
recycling. The control light time was at 180 min, and five
replicate experiments were conducted, and the results are
shown in Figure 17.

It can be found that after repeating the experiment
five times, the first degradation effect is the best, and after
that the degradation rate decreases each time, but the
change is not significant, and the catalyst still has a high
degradation rate of about 83%. It showed that the catalysts
were stable, regenerable, and reusable.

The 10% sample of ZnO QDs-g-C3N, with the best
photocatalytic performance was selected, filtered, soni-
cated, and dried, and then recovered for reuse. After
repeating the experiment four times, the best degradation
effect was achieved in the first time, and the degradation
rate decreased in each subsequent time, but the change
was not significant, and the catalyst still had a high degra-
dation rate of about 85%. It showed that the catalysts were
stable, regenerable, and reusable.

As can be seen from Figure 18, the photocatalytic degra-
dation rate of the ZC QDs-10% photocatalyst decreased

Table 2: Linear fit data for g-C3N4 optimal amount of composite material

Sample name Regression equation K R
Zn0-g-C5N4 10% ¥ =0.1998x - 0.2098 0.00296  0.9169
Zn0O QDs-g-GsN4 10%  y = 0.2174x - 0.2182 0.00323  0.9525
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Figure 17: Stability of ZnO-g-C5N,4 10% photocatalytic degradation
of RhB.

somewhat after four uses, but the decrease was not signifi-
cant, which may be due to the photocorrosion phenomenon
of ZnO QDs. Overall, the prepared photocatalysts have good
photocatalytic stability and repeated use performance.

3.15 Analysis of free radical capture
experiment results

In order to elucidate the photocatalytic mechanism of
ZC QD composite samples in more depth, different trapping
agents were added in the photocatalytic process to identify

Runl $Run2 fRun3 Y Run4% Runs5

Degradation(C/C,)

T T T T T T T T T T T 7T
-30 180 -30 180-30  180-30 180 -30 180

Time(min)

Figure 18: Stability of ZnO QDs-g-CsN, 10% photocatalytic degradation
of RhB.
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Figure 19: Photocatalytic performance of RhB by ZCQDs with BQN, MT,
and IPA.

the main active species. The photocatalytic activity was
significantly reduced after the addition of the trapping
agents, indicating that the active species is the main
active species under this photocatalytic system. ZC-10%
was selected as a control for RhB degradation, and the
changes in photocatalytic degradation of RhB after the
addition of the three trapping agents and the results are
shown in Figure 19.

As shown in Figure 19, the ZC QD sample Dgpg = 91.53%.
To reveal the main active species in the photocatalytic
degradation of RhB in ZC QD composites, p-benzoquinone

RhB

- .0
=
.02
-1.05eV <
0.30eV h
\ 0
‘ | \
’ |
\ Kt + / |
+1.50eV (bt By |
\. VB /
\ ol /
+2.896V f---nmmmmmmmns e/ . N
\ vE / (\ OH+ h
X .
H,0

RhB CO,+H,0

Figure 20: Schematic diagram of the photocatalytic reaction mechanism.
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(BQN), isopropyl alcohol (IPA), and methanol (MT) were
added as superoxide radical (0*’), hydroxyl radical (OH),
and hole (h") trapping agents. The photocatalytic degrada-
tion efficiency of the samples showed a significant decrease
when all three trapping agents were added, which indi-
cated that ‘0%, “OH, and h* were the main active species
in the photocatalytic process of the samples under visible
light irradiation, where the effect size was ‘0> >'0H>h"in
order.

3.16 ZnO QDs-g-C3N, 10% catalyst
mechanistic analysis

Under UV irradiation, g-C3N, is excited to produce photo-
generated electrons and holes. Because the CB of g-C3N, is
higher than that of ZnO, the generated photogenerated
electrons are rapidly transferred from CB of g-CsN, to CB
of ZnO, which effectively prevents the electron-hole pair
recombination. At the same time, the electrons in ZnO CB can
reduce O, to form ‘0>, while the holes in g-C;N, VB can
combine with water to form ‘OH. RhB can also be directly
oxidized to CO, and H,0, thus degrading organic pollutants
efficiently. The photocatalytic mechanism diagram is shown
in Figure 20.

8-C3N4/Zn0 + hy — g-C;Ny(e™)/ZnO(e”) + g-CNy(h')/ZnO(e”)

m

h + H,0 » (OH) + It 2
e+ 0, — (0y) 3
(0y) + 2h" - 2('0H) @

RhB + h*/((0,7)/(OH)) — CO, + H,0 + other molecules (5)

4 Conclusion

In this article, a series of ZnO-g-CsN,, composites, ZnO QDs-g-CsN,
composite photocatalysts, were prepared. The degradation
ahility of the catalysts for RhB pollutants was tested, and it
was found that ZnO-g-CsN, 10% worked best. ZnO-g-C3N, 10%
and ZnO QDs-g-CsN, degradation rates under visible light
conditions were 89.08% and 91.53%, respectively. The
abhility of the catalysts to degrade RhB pollutants was tested,
and the cyclic stability of the catalysts and the photocatalytic
mechanism of the active components of the composite
samples were analyzed. Therefore, this work is helpful
to enrich the preparation method of heterojunction and
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promote the further development of environmental was-
tewater purification research.
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