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Fast photodegradation of antibiotics and dyes
by an anionic surfactant-aided CdS/
ZnO nanodispersion
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The photocatalytic technology has broad applications in energy and environmental science. In this
study, we synthesized a type Il heterojunction CdS/ZnO (CSZ) nanodispersion by means of one-pot
precipitation. Different from previous studies, an anionic surfactant was used to improve the
photocatalytic activity of CdS/ZnO. The CdS/ZnO nanodispersion showed very good photocatalytic
performance in the degradation of tetracycline (TC) under visible light, with the highest degradation rate
of 94.4% when pH = 7, both pH > 7 and pH < 7 were not conducive to TC degradation. Fast and high
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degradation efficiency was observed for three model compounds, and the degradation efficiency of RhB
reached 100%. After 5 cycles, the degradation efficiency remains above 85%. In the photocatalysts, CdS
nanoparticles act as photosensitizers, extending the light response of ZnO to the region of visible light,
meanwhile, effectively reducing the electron—hole binding rate, which greatly improved the photocatalytic
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Introduction

Overuse of tetracycline (TC) antibiotics in veterinary medicine,
aquaculture, and animal husbandry® is a serious problem.
Tetracycline has strong antibacterial ability, and its aqueous
solution is very stable (pH = 7), which can circulate in our
environment through human and animal excrement.® Under
acid and alkaline conditions, TC is easily hydrolyzed to toxic
substances which cannot be completely eliminated by waste-
water treatment, posing a serious threat to human health and
ecological balance.* Therefore, developing effective disposal
technologies has been a challenge in both industrial and
scientific domains.”

Classical treatments of tetracyclines include physical,
biological,® and chemical methods.” With the development of
semiconductor photocatalysis, the application of the technology
is rising rapidly, especially photocatalysis under visible light.*°
Li et al'® prepared a graphene/g-C;N, composite material using
the self-conversion method, and the degradation rate under
visible light was about 32 times higher than that of g-C;N,.
Truong et al.'' prepared C;N,~WO; nanosheets, which had
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activity. In the end, the photocatalytic enhancement mechanism of TC degradation was discussed.

good photocatalytic efficiency and cycling stability in water.
Among the commonly used semiconductor materials (such as
TiO,, ZnO, Sn0O,, Zr0,, and CdS),">*> ZnO shows good photo-
nic stability, low toxicity, and low cost.*®*”

Unfortunately, the application of ZnO is limited in the field
of photocatalysis for two reasons: (1) ZnO has a high band gap
value (3.37 eV) and only responds to ultraviolet light; (2) its
electron-hole pairs are very easy to recombine.'®'® Coupling
ZnO with narrow bandgap semiconductors (such as ZnSe, ZnS
and CdS) has become a feasible method to improve its photo-
catalytic properties.>® The band-gap structure of CdS is similar
to that of ZnO, which can be used as the visible sensitizer to
Zn0.”"** Zhang et al.>® prepared ZnO/CdS hierarchical hetero-
junction nanofibers, and bisphenol was completely degraded in
30 min under visible light. Furthermore, catalysts based on
ZnO and CdS have received widespread attention due to diverse
morphologies and simple preparation methods (e.g. precipita-
tion, hydrothermal synthesis, sol-gel process, and electro-
chemical deposition).>*”*” In addition, type-II heterostructures
of ZnO and CdS can reduce the probability of electron-hole pair
recombination, through the space charge separation process.?®

In this study, CSZ nanodispersion with high crystallinity was
constructed to enhance the optical properties of ZnO. The
deposition method and hydrothermal method were used in our
synthesis, which are easy to implement. During preparation,
SDS was added to prevent the accumulation of ZnO, and
increase the adsorption of pollutant molecules on the surface
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of CSZ.>° The band-gap energies of the CSZ photocatalyst are
3.15 eV and 2.55 eV, respectively, which are equivalent to those
of CdS and ZnO. The peak intensity of CSZ in the photo-
luminescence spectrum is lower than that of ZnO, indicating
that the electron-hole recombination rate on the surface of
CSZ is lower. In addition, we also conducted photocatalytic
experiments under irradiation of visible light. Using TC and
three dyes as model pollutants, we studied the photocatalytic
properties of pure ZnO and CSZ nanodispersions and proposed
the photocatalytic mechanism.

Experimental
Materials

Zinc nitrate hexahydrate (>99%), cadmium acetate dihydrate
(>99%), sodium hydroxide (>96%), sodium dodecyl sulfate
(>99%), thioacetamide (>99%), ethylenediaminetetraacetic
acid disodium salt (EDTA-2Na), benzoquinone (BQ), tert-butyl
alcohol (#-BuOH) and tetracycline (TC) were purchased from
Tianjin Zhiyuan Chemicals Ltd. Rhodamine B (RhB), methyl
orange (MO), and methylene blue (MB) were purchased from
Yongsheng Chemicals Ltd. The chemicals were of analytical
grade and used as received. Deionized water was used in all
experiments.

Synthesis of ZnO

The ZnO photocatalyst is prepared using a simple method of
chemical precipitation. First, 50 mL of 0.4 M Zn(NOj3), solution
was prepared. Then, sodium lauryl sulphate (0.02 M) and NaOH
solution (0.85 M) were added and stirred for 2 h. The product
was collected by centrifugation. The precipitate was washed
three times with deionized water and ethanol, and dried at
60 °C for 12 h in a vacuum oven. The dry product was calcined
at 400 °C for 4 h in a muffle furnace.

Synthesis of CdS/ZnO

The CdS/ZnO photocatalyst was synthesized by a hydrothermal
method. ZnO particles (0.25 g) were dispersed in 30 mL of
deionized water. Cadmium acetate was added to the dispersion
under vigorous stirring at room temperature for 1 h. Subse-
quently, SDS (0.02 M) was added and stirred for 1 h. Afterward,
thioacetamide (TAA) solution was added to the solution with
equimolar cadmium acetate. The mixture was stirred for 1 h
and then transferred to an autoclave lined with Teflon. The
reaction was conducted at 120 °C for 12 h. Finally, the solid
products were collected by centrifugation and washed with
ethanol and water. The product was dried in a vacuum oven
at 60 °C for 12 h. Five CdS/ZnO nanodispersions were synthe-
sized with different molar ratios of CdS/ZnO (0.05, 0.1, 0.2, 0.4
and 0.6), and named CSZ1, CSZ2, CSZ3, CSZ4, and CSZ5,
respectively Fig. 1.

Materials characterization

X-Ray powder diffraction (XRD) was carried out using an
XRD-6000 diffractometer (Shimadzu) equipped with a Cu ko
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Fig. 1 Synthetic procedure of ZnO and the CdS/ZnO nanodispersion.

radiation source. The range of data collection was from 20° to
80° with an interval of 0.02° per step and a scan speed of
10° min~*. The morphology and crystallinity of the composite
were analysed by field emission scanning electron microscopy
(FESEM, SU8010, Hitachi, Japan) and high-resolution transmis-
sion electron microscopy (HRTEM, JEM-2100, Japan electronics).
Using the Brunauer-Emmett-Teller (BET) and Barrett-Joyner—
Halenda (BJH) models, surface analysis was conducted. Infrared
spectra were recorded using an FTIR VERTEX70 (Bruker,
Germany). UV-Visible diffuse reflectance spectroscopy (UV-vis
DRS, 7508, PE) was used to measure the absorption intensity of
light. An X-Ray photoelectron spectrometer (XPS, ESCALAB
250Xi, American Thermo Fisher Scientific) equipped with an
Al radiation source (1486.6 eV) was used to analyse the bonding
information. Photoluminescence spectra (PL) were recorded
using a fluorescence spectrometer (F-4600, VARIAN, Agilent,
USA) with an excitation wavelength of 360 nm. The electron
spin resonance (ESR) of spin-captured oxidation radicals
was obtained by using a quantum ray Nd:YAG laser system
(4 > 420 nm) with a JES-FA200 ESR (Bruker).

Catalytic activity

The photocatalytic activity was evaluated by the degradation of
model pollutants under visible light, which was conducted on a
photocatalytic reaction device (XPA-7, Nanjing Xujiang Electro-
mechanical Co., Ltd). A 350W xenon lamp was used as the light
source (A > 420 nm). The catalyst (20 mg) was dispersed in a
50 mL quartz cell. TC (20 mL, 100 mg L ') and 30 mL of
deionized water were added. The mixture was sonicated to
ensure that the catalyst is evenly dispersed in the solution.
Then, the quartz tube was put into the reaction device and kept
in the dark for 60 minutes to reach the adsorption-desorption
equilibrium. After the xenon lamp was switched on, a portion of
the supernatant (4 mL) was sampled from the quartz tube every
15 minutes and filtered with a cellulose membrane (0.45 pm).
The absorbance of the samples was determined at 357 nm. The
degradation ratio (1 — C/C,) was calculated.

Photoelectrochemistry

Electrochemical measurements were carried out using a
Chenhua CHI 660E electrochemical workstation. A three elec-
trode configuration was used with an Ag/AgCl electrode, a Pt
electrode, and CdS/ZnO coated FTO glass. For the working
electrode, CSZ (7 mg) and Nafion solution (20 pL, 5%) were
dispersed in 1 mL of isopropanol. The mixture was treated in
an ultrasonic water bath for 30 min, and a drop (50 pL) is
coated on the FTO glass. This coating procedure was repeated

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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nine times. Subsequently, the electrodes were vacuum-dried at
60 °C for 12 h. The distance between the light source and the
working electrode was 20 cm. The power of the Xe lamp was
300 W with 100 mW cm 2. For electrochemical impedance
spectra (EIS), the voltage amplitude of 5 mV AC with a frequency
range of 10> to 10° Hz was used. The frequency of the Mott-
Schottky curve is 1000 Hz.

Results and discussion
Structural, morphological, chemical, and optical properties

The crystal structures of the catalysts were analysed by XRD
(Fig. 2). Pure ZnO shows diffractive patterns at 26 = 31.76°,
34.42°, 36.25°, 47.54°, 56.61°, 62.86°, 66.38°, 67.96°, 69.10°,
72.56°, and 76.95° corresponding to the standard diffraction
of the (100), (002), (101), (102), (110), (103), (200), (112), (201),
(004) and (202) planes (JCPDS File NO. 36-1451),>*" respec-
tively. These crystal planes are consistent with the hexagonal
wurtzite structure. The sharp diffraction peaks indicate high
crystallinity.>” Pure CdS shows diffraction peaks at 26 = 26.51°,
43.98°, and 52.10°, corresponding to the (111), (220), and
(311) crystal planes of face-cantered cubic CdS (JCPDS File
NO. 42-1411).>* The characteristic peaks of CdS and ZnO can
be identified in the XRD spectra of CSZ. With an increase in the
CdS composition, the peak intensity of the CdS phase increases
significantly. No impurity peaks of ZnS or Zn(OH), were found,
meaning that the complexation of CdS does not affect the phase
structure of ZnO.

Fig. 3a—c show the FESEM images of ZnO, CdS, and CSZ4,
respectively. ZnO nanoparticles showed irregular shapes with
smooth surfaces. For pure CdS, nanoplatelets of CdS aggre-
gated to a spherical shape with sizes of 1.5-2 pm. For CSZ4,
small nanoparticles with a size of 40-60 nm were observed with
protrusions on the surface. The average size of CSZ4 is about
54 nm (Fig. 3f). The size of CSZ is smaller than the size of ZnO
and CdS nanoparticles. The HRTEM image (Fig. 3d) further
shows the raspberry-like nanosphere morphology of CSZ4 with
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Fig. 2 XRD patterns of ZnO, CdS, and CSZ catalysts.
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a uniform size. The lattice fringe of CSZ4 (Fig. 3e) exhibited
both ZnO and CdS crystal faces. The lattice fringes of 0.191 nm,
0.260 nm, and 0.245 nm correspond to the (102), (002), and
(101) facets of ZnO, respectively. The lattice fringes of 0.335 nm,
0.175 nm, and 0.205 nm correspond to the (111), (311), and
(220) crystal planes of CdS, respectively. These results are
consistent with XRD analysis. Elemental mapping (Fig. 3g-k)
was used to study the dispersion of each element in CSZ4. Zn,
Cd, S, and O elements are evenly distributed. Therefore, we can
conclude that CdS and ZnO are fully combined, which is
conducive to the separation and transfer of photogenerated
carriers.

The specific surface area and pore size distribution of the
photocatalysts were studied by nitrogen adsorption-desorption
isotherms (Fig. 4). Fig. 4a shows the adsorption and desorption
isotherms of ZnO and CSZ4. Both ZnO and CSZ4 exhibit type IV
isotherms with obvious H3 hysteresis loops, which indicate
that the samples have mesoporous structures.>*> Active sites
play an important role in photocatalysis.*® Photocatalysts with
large specific surface areas are generally considered to have
more active sites. The specific surface areas of ZnO and CSZ4
are 4.313 and 16.365 m” g~ ", respectively, confirming that the
CSZ4 composite has a larger specific surface area than ZnO
after adding CdS. This improvement may be due to the micro-
porous structure which increases the surface roughness and
reduces the crystal size,>” which also corresponds to the
reduction of the size for CSZ4. The large specific surface area
provides more active sites on the CSZ4 surface,®® which is
conducive to the adsorption and reaction of pollutant mole-
cules on the surface. The pore size distribution of ZnO and
CSZ4 is presented in Fig. 4b and c, respectively. According to
the BJH model, the pore volumes of ZnO and CSZ4 were 0.018
and 0.066 cc g, respectively, and the average pore sizes were
3.055 and 3.066 nm, respectively.

The bonding energy of CSZ4 was studied by XPS. Zn, Cd, S,
and O elements are observed in the survey spectrum (Fig. 5a).
Fig. 5b shows the curve fitting spectrum of Zn 2p. There are two
significant peaks at 1021.52 eV and 1044.55 eV, which are
attributed to 2p3/2 and 2p1/2 of Zn, respectively, and corre-
spond to Zn*" in the ZnO crystal.®® In the O 1s spectrum
(Fig. 5¢), 529.58 eV is the lattice oxygen in ZnO, and 531.23 eV is
the oxygen vacany. In the Cd 3d spectrum (Fig. 5d), the peaks
of 404.66 eV and 411.45 eV are from Cd 3d5/2 and Cd 3d3/2,
respectively.”> The S 2p spectrum in Fig. 5¢ shows two peaks
at 161.07 eV and 162.28 eV, which are attributed to S 2p3/2 and
S 2p2/1, respectively.*

FTIR was used to study the surface groups and chemical
bonds of the prepared photocatalyst (Fig. 5f). The sharp peaks
at 477 cm~ " and 612 cm ™' are characteristic peaks of the Zn-O
bond and the Cd-S bond, respectively.*>*' The absorption
band at 1556 cm ™" is assigned to the O-H bending vibrations
of H,0, and that at 3430 cm ' corresponds to the tensile
vibration mode.*” In addition, the vibration peaks at 2929
and 2851 cm™ ' are the stretching vibrations of -CH,.** The
stretching vibration of S=O0 (1112 cm ') indicates the presence
of SDS on the surface of the catalyst.** The blue shift of the
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1621 cm ' peak was found in CSZ, indicating that CdS com-
pounds with ZnO form a composite.>®

UV-vis DRS was used to analyse the optical properties of
the materials and calculate the energy band value of CSZ. The
absorption band edge of pure ZnO appears at 390 nm (Fig. 6a),
which is due to the absorption of the intrinsic bandgap of
Zn0." The characteristic band edge of CdS is at 550 nm. The
absorption band edge of CSZ composites is at around 500 nm,
indicating that the addition of CdS moved the absorption of
ZnO from the ultraviolet region to the visible region. The results
of UV-vis DRS prove that the CSZ composite has a visible light
response, which is consistent with the photocatalytic experi-
ment results. Fig. 6b shows the Tauc relationship,’® and the
straight line is extrapolated and yields the energy band value,
where the band gap energies (Eg) are 3.27 eV and 2.33 eV for
ZnO and CdS, respectively. In addition, the E, values of CSZ4

1306 | New J. Chem., 2022, 46, 11303-11314
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(a) Nitrogen adsorption—desorption isotherms of ZnO and CSZ4; pore size distribution of (b) ZnO and (c) CSZ4.

are 3.15 eV and 2.55 eV (Fig. 6¢), indicating that it can
effectively absorb visible light.

Transient photoluminescence spectra (Fig. 6d) provide
information on the recombination rate of photo-generated
electron-hole pairs, and the lower the luminescence intensity
means the faster separation of electron-hole pairs, thereby
improving the photocatalytic activity.”” When the excita-
tion wavelength is 360 nm, the emission peaks of ZnO and
CSZ appear at 564 nm. The ZnO peak is the highest, indica-
ting that the photoinduced electron-hole pair recombination
rate of ZnO is the highest. The addition of CdS reduced the
peak value and the peak value decreased with the increase
of the CdS content, suggesting that the combination of
CdS and ZnO promoted the separation of photogenerated
electron-hole pairs, thus effectively improving the photo-
catalytic activity.*®

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Electrochemical properties

The charge transfer characteristics in the catalyst were evalu-
ated by photocurrent intensity and electrochemical impedance
spectroscopy. Transient photocurrent is formed by the direc-
tional movement of electrons generated when the catalyst is
exposed to light.* Fig. 7a shows the photocurrent intensity of
ZnO, CdS, and all CSZ under several cycles of light irradiation.
All catalysts showed a photocurrent response. The highest
photocurrent intensity was observed for CSZ4, which proves

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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ZnO, CdS and CSZ catalysts; Mott—Schottky curve of (c) CdS and (d)ZnO
(frequency is 1000 Hz).

that more photoelectron-hole pairs are generated in CSZ4.
When the light is turned off, the intensity drops to zero
instantly, indicating the rapid recombination of carriers. The
above results show that the right amount of CdS (0.04) in
the composite can accelerate the transfer of carriers, and the
separation efficiency of photogenerated electron-hole pairs is
the highest. In the course of 7 cycles, the current density of
CSZ4 decreased due to the photo-corrosion effect of CdS
that consumes electrons on the catalyst surface, resulting in
reduced catalytic activity.>® This also corresponds to the decline
of the catalytic efficiency in the cycling stability experiments.
Generally, the larger the photocurrent in the photonic crystal,
the smaller the arc radius in the AC impedance in the Nyquist
diagram, and the better the separation of photogenerated
electron-hole pairs.”* Electrochemical impedance results (Fig. 7b)
show that the arc radius of CSZ4 is smaller than that of ZnO,
indicating that the electron has the lowest resistance during
transport, which facilitates carrier migration.

The conductivity types and Fermi energy levels (E¢) of ZnO
and CdS were analysed by the Mott-Schottky method.’*** The
intersection point of a Mott-Schottky diagram of the material at
a frequency of 1000 Hz is E.>* In Fig. 7c and d, the positive
slopes of the linear region indicate the n-type characteristics of
ZnO and CdS, which can form type II heterojunction.>® For ZnO
and CdS, the permitted E; are —0.30 V and —0.52 V (vs. NHE),
respectively. Under visible light irradiation, holes and electrons
are generated in the valence band (VB) and conduction band
(CB), respectively. The active species produced by the reaction
between carriers and pollutants can decompose TC effectively.
The CB and VB of CdS and ZnO can be calculated by Mulliken

electronegativity theory:>®™>®
Eyg =y — Ec + 0.5E, (1)
Ecg = Eyg — Eg (2)

where Eyg and Ecg are the VB and CB potential energies of the
photocatalyst, respectively. The standard hydrogen electrode
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potential E¢ is about 4.5 eV. The absolute electronegativity y of
the semiconductor photocatalyst is 5.79 and 5.05 eV for ZnO
and CdS, respectively.>®™>® Therefore, the Eyg and Ecg values of
2.93 and —0.34 eV are obtained for the ZnO photocatalyst,
respectively, while those of the CdS photocatalyst are 1.72 and
—0.61 eV, respectively. These values are consistent with those in
the previous study.”®

Photodegradation of TC

The degradation experiment is to evaluate the catalytic activity
of the catalysts under visible light (350 W, 4 > 420 nm). Fig. 8a
shows the results of the adsorption of TC and the degradation
of TC by visible light. Adsorption of TC was carried out in
darkness and the adsorption-desorption equilibrium was
reached in about 1h. The adsorbed percentages of TC by ZnO,
CdS and CSZ(1-5) catalysts are 31.9%, 17.1%, 40.5%, 45.1%,
45.6%, 46.4% and 48.9%, respectively. The amounts of
adsorbed TC by CSZ composites are higher than that of ZnO,
which is consistent with BET results, and the adsorption of CSZ
increases gradually with the increase of the CdS composition,
indicating that the addition of CdS is conducive to the adsorp-
tion of TC on CSZ. The adsorption of pollutants on catalysts
before light irradiation can enhance photocatalytic degradation
has been suggested by previous studies.®”®' Pre-adsorption
provides enough substances for degradation in the next step.
During degradation, the TC concentration remained stable
in the control group without adding the catalyst.®” In Fig. 8a,
the C/C, values of TC reduced after 120 minutes of visible light
irradiation. The concentration reduced to 41.8% and 65.3% for
ZnO and CdS, respectively. The reason why ZnO can degrade
TC in visible light may be due to the absorption of visible light
by TC adsorbed on ZnO, resulting in self-sensitization.®® The
addition of SDS increases the adsorption of TC.** All CSZ
catalysts showed better performance than ZnO. Among them,
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Fig. 8 (a) Photodegradation of TC by the catalysis of ZnO, CdS and CSZ

nanodispersions; (b) degradation kinetics analyzed by a pseudo first-order
reaction; (c) UV-visible spectra of TC solution irradiated with visible light at
different time intervals in the presence of CSZ4; (d) photodegradation of
RhB, MO and MB by CSZ4.
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the CSZ4 composite showed a maximum efficiency of 94.4%.
The type II photocatalyst heterojunction formed by the addition
of CdS led to the separation of electron-hole pairs in space and
enhanced the absorption of visible light of the catalyst, thus
greatly improving the activity of ZnO.>> The rate constants are
presented in Fig. 8b, and the linear fitting was consistent with
the first-order kinetics. Among them, the rate constant for
CSZ4 showed the highest value of 0.0241 min~". This value is
5.15 times higher than that for pure ZnO nanoparticles. Fig. 8c
shows the UV-visible spectra of TC solution irradiated with
visible light at different time intervals in the presence of CSZ.
In the presence of CSZ4, the maximum absorption peak at
357 nm disappeared after 90 min.

Photodegradation of RhB, MO, and MB

Because CSZ4 has the best photocatalytic activity, the degrada-
tion of RhB, MO, and MB was conducted. Fig. 8d shows the
photocatalytic activity of CSZ4 in 120 min. The solution became
colourless. The degradation efficiency of RhB, MO, and MB
reached 99.6%, 95.9% and 92.2%, respectively.

Effect of pH

The degradation of TC by CSZ4 was studied at different pH
values (pH = 3, 5, 7, 9, 11), as shown in Fig. 9. Both acidic and
alkaline conditions exerted adverse effects on the degradation
of TC by CSZ4. The degradation rate followed the order of
neutral > alkaline > acidic. Previous studies also showed
that the degradation of pollutants was faster under alkaline
conditions than under acidic conditions.®>®® The slowest
degradation of TC under acidic conditions (pH = 3) may be
due to the agglomeration of CSZ4 at low pH, which reduces the
adsorption of TC on the surface of the photocatalysts. TC
decomposes under alkaline conditions.®” Therefore, the change
in the TC concentration over time at different pH values
without CSZ4 was investigated (Fig. 9¢). As expected, TC self-
decomposed under alkaline conditions and accelerated when
exposed to light. Colour changes in the degradation process are
shown in Fig. 9d. When no catalyst is added and pH is >7, the
colour of the TC solution gradually turns pink and purple with
the increase of the irradiation time due to self-decomposition.
The colour of the TC solution after the self-decomposition
clearly shows that the end-product of self-decomposition is
different from the colourless products after the photodegrada-
tion. When pH < 7, no colour change was observed. In the
presence of CSZ4 and in the dark environment, TC solution
showed a colour change under both acid and alkaline conditions.
It is more obvious when pH > 7, indicating TC self-
decomposition. With the increase in irradiation time, the solu-
tions of all pHs gradually became colourless under the catalytic
action of CSZ4.

UV-Vis spectra also confirmed the degradation performance
of CSZ4 at different pH values (Fig. 10). At pH > 7, the
maximum absorption wavelength shifts to 367 nm (Fig. 10c
and d), and a new peak appears at 532 nm, which corresponds
to the colour of the self-decomposition product. Upon irradia-
tion, the peak at 367 nm gradually decreased, while the peak at
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Fig. 10 UV-Vis spectra of the catalysts degraded TC at pH = 3, 5, 9, and 11 (a—d) without CSZ4 and (e—h) with CSZ4.

532 nm increased. Under alkaline conditions, the hydroxyl In the presence of CSZ4, no peak at 532 nm is observed (Fig. 10g
group on Cy forms oxygen anions, which undergoes an intra- and h), corresponding to a change in the color of TC solution
molecular nucleophilic attack on C;;. After electron transfer, the from pink to transparent. At pH < 7, no changes in the spectra
C ring is broken to form an isomer with a lactone structure.”” were observed without a photocatalyst (Fig. 10a and b); with the
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photocatalyst, the products of photodegradation were transparent
(Fig. 10e and f).

Active species analysis

Active species generated during the photocatalytic procedure
were analysed by trapping experiments and ESR. In the trap-
ping experiments, benzoquinone was applied as an °*O,"
scavenger, t-BuOH as a scavenger for *OH, and EDTA-2Na as
a scavenger for h', respectively (Fig. 11a).°® Obviously, the
inhibition degree of the trapping agent from large to small
was benzoquinone > EDTA-2Na > t-BuOH, indicating that
*0," is the main active species during the degradation process,
h* is the secondary, while *OH has little effect during the
process. ESR was used to identify the active free radicals
(Fig. 11b-d). After irradiation, six peaks in the ESR spectra were
determined, which were characteristic peaks of *0O,” (Fig. 11b).*
The characteristic peaks are very strong, indicating that a large
amount of *O," is produced under irradiation. Fig. 11c shows the
characteristic peaks of h'. The difference is that similar signals
were detected under dark and light conditions, and their intensities
decreased slightly with the increase of irradiation time, indicating
the presence of h* in the photocatalytic reaction system generation
and enhancement.”® Fig. 11d shows the characteristic peak of
*OH.”' Compared with the steady signal in darkness, only four
weak characteristic peaks of *OH are displayed after illumination.
The signals are not sharp and smooth indicating that the amount
of *OH generated is small. In conclusion, the c intensities of the
characteristic peaks of *0O,” and h" are higher than that of *OH,
meaning that *0,” and h' radicals participate in photocatalytic
reactions and play a crucial role in TC degradation. The results are
consistent with the results of the active species capture experiment.

Photodegradation mechanism

Based on the UV-vis DRS results, Mott-Schottky curve and
Mulliken electronegativity theory, the band structure of CSZ,
the redox potential of the catalyst surface and the photogener-
ated electron-hole pair transfer mechanism can be determined,
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as shown in Fig. 12. CdS acting as a charge carrier can provide
high-speed charge channels in CSZ. Under the irradiation of
visible light, the photogenerated electrons generated on the
CdS(CB) will transfer to the ZnO(CB). Since the Ecg of CdS
(—0.61 eV vs. NHE) is more negative than that of ZnO (—0.34 eV
vs. NHE), the generation of *O, tends to occur at the CdS(CB).
Then the photogenerated electrons react with oxygen in water
to form *O,~ (0,/°0O,” = —0.33 eV vs. NHE), which can effec-
72 At the same time, the
photogenerated holes from the ZnO(VB) will reversely move to
the CdS(VB), and then water is oxidized at the ZnO(VB) to form
a *OH radical (H,O/*OH = 2.27 €V vs. NHE). The h" in ZnO(VB)
can also oxidize organic pollutants due to the inherent capacity
of the photogenerated holes. The construction of a type II
heterojunction provides CdS/ZnO with stronger redox ability.
Moreover, the synergistic effect of ZnO and CdS promotes the
continuous separation of electron-hole pairs.”> Therefore, the
CSZ nanocomposite has higher electron-hole separation effi-
ciency than pure ZnO, thus improving its photocatalytic per-
formance. The photocatalytic process is summarized by the
reaction equations (eqn (3)-(6)):"*

tively oxidize organic pollutants.

catalyst + hv — catalyst + e~ + h" 3)

e +0, »°0" (4)

H,0 - H' +OH +h' - *OH (5)

(*0,7, h") + pollutants — CO, + H,O + products  (6)
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Fig. 13 CSZ4: (a) cycle degradation pattern; (b) XRD pattern before and
after the cycle.
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Table 1 List of the applications of different catalysts for the photocatalytic degradation of TC and dyes
Dosage Pollutant concentration Rate constant

Photocatalyst Pollutant (mg) (mg L™ Light source (min™1) Ref.
Ag/Biz0,Cl TC 50 10 250 W Xenon lamp (4 > 420 nm) 0.0232 75
TiO,/TiF, TC 40 10 500 W Xenon lamp (4 > 420 nm) 0.0184 76
Ag,0/AgBr-CeO, TC 25 10 500 W Xenon lamp (4 > 420 nm) 0.0401 77
BiOI/g-C;3N, TC 10 20 250 W Xenon lamp (4 > 420 nm) 0.0246 78
Ag/g-C3N,4/LaFeO; TC 20 10 300 W Xenon lamp (4 > 420 nm) 0.0167 79
CdS/ZnO TC 20 40 350 W Xenon lamp (4 > 420 nm) 0.0241 This work
CdS/ZnO MB 50 10 Visible light 0.0242 80
rGO/ZnO/CdS MB 20 3.2 100 W halogen lamp 0.0280 81
CdS/ZnO RhB 200 2000 3000 W Xenon lamp 0.0106 82
Cds/ZnO RhB 15 20 200 W Sun lamp 0.0132 83
Cds/ZnO RhB 20 10 350 W Xenon lamp (4 > 420 nm) 0.0441 This work

MO 0.0284

MB 0.0204

Light stability and reusability evaluation

The cyclic degradation was used to evaluate the practical value
of CSZ photocatalysts. Five consecutive cycles of TC degrada-
tion were performed (Fig. 13a). The degradation efficiency of TC
remained above 85% after 5 cycles. In addition, the structural
stability of the CSZ photocatalysts was confirmed by XRD
(Fig. 13b). After 5 cycles, the characteristic peaks of CdS decrease
due to photo-corrosion. The XRD patterns of the third cycle and
the fifth cycle are not vastly different, indicating the slow decline
of catalytic performance after the second cycle.

In this work, a CdS/ZnO photocatalyst was used for the
degradation of TC and dyes. Compared with those obtained
from other photocatalysts, the efficiencies of the prepared
composite catalysts are summarized in Table 1. Different
catalysts were compared in terms of catalyst dosage, pollutants
and concentrations, light source, and reaction kinetic constants.
The initial concentration of TC degradation by the prepared
catalyst is the highest, 40 ppm, and the degradation rate is in the
middle. In our study, the rate constants of degradation were also
high, indicating that the catalysts showed excellent photocataly-
tic properties.

Conclusions

In summary, type II heterojunction CdS/ZnO nanocomposites
with excellent visible light-trapping ability and high electron-
hole separation efficiency were successfully prepared. The
content of CdS in CdS/ZnO was adjusted by changing the
amount of cadmium acetate during preparation. The addition
of CdS significantly increased the specific surface area of the
CSZ photocatalyst (16.365 m* g~ 1), resulting in a large amount
of adsorption and photodegradation of TC and dye on the
active site. CSZ4 showed the lowest electron-hole recombina-
tion rate, and its photocatalytic activity is higher than that of
pure CdS or the ZnO photocatalyst. In addition, CSZ4 showed
good photocatalytic activity for a high concentration of TC, as
well as RhB, MO, and MB under visible light. During the
photodegradation, *O,” played a significant role in studying
the reaction mechanism of CdS/ZnO. After 5 cycles, the resul-
tant catalysts still show high catalytic activity, indicating good

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022

potential in the detoxification of sewage containing dyes and
tetracyclines.
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