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Abstract: Zn1−xCdxS catalysts with Zeolitic Imidazolate Framework-8 (ZIF-8) as the precursor were
successfully prepared by ion exchange method, and the ability and electrochemical properties of a
series of ZIF-8, ZnS and Zn1−xCdxS catalysts in photocatalytic degradation of 2-CP and TC were
investigated. Doping of Cd ions was able to modulate the ZnS band gap width and improve the
utilization of visible light by the photocatalyst. The nanocage catalysts with hollow structure of
Zn1−xCdxS have better photocatalytic response. The removal of photocatalytic pollutants was up
to 90% under optimal conditions. Using a Peroxymonosulfate (PMS)-assisted system to improve
the degradation efficiency of 2-chlorophenol and tetracycline hydrochloride under visible light,
we present a possible mechanism of Zn1−xCdxS as a photocatalyst for degradation in persistent
pollutants and in PMS-assisted photocatalysis. Four active species, O2

−, h+, -OH, and SO4•−, can be
generated to degrade 2-chlorophenol and tetracycline hydrochloride under PMS-assisted activation.
Zn1−xCdxS nanocage with high activity and stability provides a feasible approach to catalytically
remove persistent pollutants from aqueous solutions under visible light conditions.

Keywords: nanocage photocatalyst; Zn1−xCdxS; 2-CP; TC; PMS; degradation

1. Introduction

With the development of the world economy and the production and abuse of pes-
ticides, deodorants, and antibiotic drugs being discharged into the environment, a large
number of organic pollutants has been causing environmental pollution and water pol-
lution [1]. These pollutants mainly include antibiotics (e.g., tetracycline hydrochloride,
ciprofloxacin [2], etc.), chlorophenols (e.g., 2-chlorophenol, 4-chlorophenol, etc.), etc. Tetra-
cycline hydrochloride [3,4], as an antibiotic that can be widely used, is often applied to
prevent infections. Excessive use can cause resistance to microorganisms in the water and
cause incalculable harm to the environment [5,6]. In contrast, 2-chlorophenol pollution is
caused by the misuse of pesticides and other insecticides, which can cause incalculable
harm to human health and daily life [7,8]. The removal of pollutants from water bodies has
become an urgent issue at this stage.

At present, the treatment of pollutants in wastewater has been a great challenge. The
most commonly used methods for the wastewater treatment containing pollutants are
photocatalytic degradation [9], ion exchange [10], and adsorption [11,12]. Photocatalytic
technology can convert pollutants in water into CO2 and H2O based on the rational use of
visible light, without secondary pollution. A green, energy-saving and effective operation
can effectively alleviate environmental pollution and the energy crisis [13,14]. However, the
removal of pollutants by photocatalysis alone is more limited, and the removal of pollutants
from water bodies by PMS-assisted photocatalysis [15,16]. This is due to the synergistic
effect of photocatalysis and PMS on the activation of the photocatalyst and thus on the
degradation in organic pollutants. PMS is able to capture photogenerated electrons, thus
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prolonging the complexation of electrons and catalyst, as well as increasing the efficiency
of photocatalysis [17,18].

The core of photocatalysis is searching for a suitable and high performing catalyst [19].
Metal sulfides are widely used in photocatalysis due to their suitable band structure [20–22].
ZnS is an n-type semiconductor, which is widely used, simple and easy to be prepared, and
has a high electron mobility [23,24]. Due to the band gap limitation of ZnS, it only responds
well to UV light [25]. CdS has high visible light utilization [26,27]. Reddy et al. [28]
synthesized CdS-ZnS core-shell nanoparticles by a two-step method, which expanded
the surface area of the catalyst, increased the active sites of the catalyst, and significantly
improved the degradation efficiency of MO. Liu et al. [29] synthesized ZnCdS solid solution
by precipitation hydrothermal method, which has a suitable band gap compared with
ZnS, can improve the utilization of visible light to a certain extent, and can separate free
electrons and holes while preventing their complexation.

Metal–organic frameworks (MOFs) materials are porous materials composed of or-
ganic ligands and inorganic ions, which have gradually become the focus of scientists’
research, mainly due to their high specific surface area, high porosity and easy modifi-
cation [30–32]. MOFs materials with hollow nanostructures can facilitate electron-hole
migration, and thus have been widely studied. Chen et al. [33] successfully prepared
ZnCdS hollow nanoframeworks with ZIF-8 as precursor, which greatly improved the sepa-
ration and transfer of carriers and had superior performance in the field of photocatalytic
hydrogen production. Bai et al. [34] synthesized Zn1−xCdxS /CdS heterojunctions via a low-
temperature sulfidation method to effectively drive hydrogen production. Lin et al. [35]
synthesized rhombic dodecahedral Cd0.5Zn0.5S that demonstrated the removal ability of
organic pollutants.

In this paper, we have successfully prepared hollow nano Zn1−xCdxS materials by a
two-step sulfidation and cation exchange method, using ZIF-8 as precursor, and investi-
gated the removal of pollutants 2-CP and TC from water under visible light irradiation
conditions, as well as under PMS-assisted conditions. Through a combination of capture
experiments and kinetic fitting, we speculated on the possible reaction mechanism. This
led us to propose a new method for the removal of pollutants from water.

2. Results and Discussion
2.1. Characterization of the Synthesized Zn1−xCdxS

As can be seen in Figure 1a, the synthesized Zn1−xCdxS catalyst with ZIF-8 as the
precursor has a very distinctive dodecahedral structure with an average particle size of
800 nm. The SEM images of Zn1−xCdxS from Figure 1c,d show that the dodecahedral
structure of the ZIF-8 precursor did not change significantly after sulphidation and Cd
doping. The SEM images of the ZIF-8 precursors showed that the dodecahedral structure
did not change significantly after sulphidation and Cd doping, but a clear hollow structure
was formed inside. The modification of the ZIF-8 precursor did not destroy the complete
dodecahedral structure and retained the prismatic frame. The elemental distribution of
Zn1−xCdxS is also shown in Figure 1e, where the elements Zn, Cd and S are uniformly
distributed in the catalyst. In Figure 2 the SEM images were analysed using image analysis
software and a certain amount of particles were selected to measure their average initial
size, giving an average particle size of approximately 800 nm for the Zn1−xCdxS catalyst.

In this work, ZIF-8 was synthesized according to the method reported in the liter-
ature by standing at room temperature, and according to the XRD image Figure 3a, the
synthesized ZIF-8 has obvious diffraction peaks and a more consistent structure with the
simulated ZIF-8, indicating the successful preparation of ZIF-8 crystals with high crys-
tallinity. The X-ray diffraction pattern after ion exchange is shown in Figure 3b, where the
position of the diffraction peak on the (1,1,1) crystal plane is gradually shifted to a lower
angle as the doping of Cd2+ increases, indicating that the introduction of Cd2+ is not a
simple physical mixing, but is introduced into the ZnS lattice.
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The light absorption performance determines the light utilization and catalytic activity
of the photocatalyst. The light absorption properties of ZnS and Zn0.8Cd0.2S were investi-
gated using UV-vis diffuse reflectance spectroscopy (UV-vis DRS). According to Figure 4,
the ZnS catalyst with ZIF-8 catalyst as precursor has a strong absorption peak at 360 nm,
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which is consistent with what was previously reported [36]. The visible light absorption of
Zn0.8Cd0.2S is enhanced due to the introduction of Cd2+. The bandgap energy (Eg) of the
catalyst can be calculated by the Kubelka–Munk method using the α(hv) = A(hν−Eg)n/2,
where α, h, v and A denote the absorption coefficient, Planck’s constant, optical frequency
and constant, respectively [37]. The calculation shows that the bandgap energy of ZnS is
3.60 eV, while that of Zn0.8Cd0.2S is 2.88 eV.
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The N2 adsorption–desorption isotherms were used to analyze the specific surface
area, pore volume and pore size distribution of the samples. It can be seen that the
catalysts all exhibit a similar shape to the Type I isotherms. The specific surface areas of
ZIF-8, ZnS and Zn0.8Cd0.2S measured by the Barrett–Joyner–Halenda (BJH) method were
1035.7082 m2/g, 261.6770 m2/g and 576.2332 m2/g, respectively, and the pore volumes
were 0.4900 cm3/g, 0.2816 cm3/g, 0.1160 cm3/g. The larger specific surface area and pore
volume of Zn0.8Cd0.2S compared to ZnS is due to the larger ionic radius of Cd2+ compared
to Zn2+, which is caused by the ion exchange [33]. Both the increase in specific surface area
and pore volume facilitate increased adsorption of pollutant molecules, thus promoting
photocatalytic degradation reactions.

2.2. Photocatalytic Performance of Photocatalysts

The performance of the catalysts was assessed by their effectiveness in removing
persistent pollutants from aqueous solutions. Then, 2-CP (50 mg/L) was removed from
aqueous solutions with an initial pH of six using catalysts containing different Cd contents.
The experimental results in Figure 5a show that light irradiation has little effect on the
degradation in 2-CP when no catalyst is added. The best degradation effect of 90% was
achieved with the addition of a catalyst with a Cd doping ratio of 20% under the same
experimental conditions. In contrast, the adsorption effect of the catalyst on pollutants
decreases with the increase in the amount of Cd introduced into the catalyst. The aqueous
solution containing the contaminant TC (40 mg/L) was removed by Zn1−xCdxS catalysts
with different Cd-containing ratios at an initial pH = 6. The experimental results Figure 5b
show that without the addition of Zn1−xCdxS catalyst the removal efficiency for TC is
almost zero, while with the addition of catalyst the best degradation can reach 87%. This
indicates that the Zn1−xCdxS catalyst has a high efficiency in utilizing visible light and can
promote photoelectron transfer.

The initial pH of the solution containing the persistent pollutants was adjusted with 1
M hydrochloric acid. Figure 5c,d shows that both the degradation effect and the adsorption
effect decreased significantly at pH = 2 and pH = 4. The possible reason for this is that the
structure of the hollow nanocatalyst may be damaged under strongly acidic conditions, thus
affecting the degradation in the pollutants. The reported performance of the photocatalysts
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applied for the degradation in TC and 2-CP is presented in Tables 1 and 2. Compared
with the photocatalyst materials listed in the tables, it reveals that the Zn1−xCdxS catalyst
synthesized herein has excellent visible light catalytic activity for the degradation in TC
and 2-CP organic pollutants.
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Table 1. Comparison of the performance of different photocatalysts for TC degradation.

Photocatalysts Concentration of
Catalyst (g/L)

Concentration
of TC (mg/L) Light Source Irradiation

Time (h)
Degradation

Rate (%) Reference

Zn1−xCdxS 0.5 50 300 W Xenon lamp
(>400 nm) 2 91 This work

ZnO2 0.1 50 300 W Xenon lamp
(>400 nm) 4 83.7 [38]

BiOBr/MnFe2O4 1 20 simulated sunlight lamp 1.5 76.5 [39]

BiOCl@CeO2 0.5 10 300 W Xenon lamp
(>400 nm) 2 92 [40]

Ag-ZnS/rGO 1.25 10 300 W Xenon lamp
(>400 nm) 2 90 [41]

N-ZnS 0.3 10 300 W Xenon lamp
(>400 nm) 2.5 90 [42]

BiOCl/CdS 6 10 300 W Xenon lamp
(>400 nm) 1.7 93 [43]

The two contaminants were added to the aqueous solution simultaneously at the same
levels as when the experiments were conducted separately, and the aqueous solution was
scanned at full wavelength using a UV-Vis spectrometer. As shown in Figure 6, the levels of
both pollutants in the aqueous solution showed a decreasing trend with time after the light
was switched on. This indicates that the Zn1−xCdxS catalyst showed a superior removal
efficiency for TC when both persistent pollutants were present in the aqueous solution at
the same time.
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Table 2. Comparison of the performance of different photocatalysts for the degradation in 2-CP.

Photocatalysts Concentration of
Catalyst (g/L)

Concentration
of 2-CP (mg/L) Light Source Irradiation

Time (h)
Degradation

Rate (%) Reference

Zn1-xCdxS 0.5 50 300W Xenon lamp
(>400 nm) 2 90 This work

WO3/WS2/PANI 0.5 35 300 W Xenon lamp
(>400 nm) 3 91 [44]

CuO-GO/TiO2 0.5 10 104W cool white lamp 3.5 85 [45]
B/N-graphene-
coated Cu/TiO2

0.25 5 1000W Xenon lamp
(<550 nm) 1.3 92 [46]

SiO2/ZrO2 0.375 10 400W metal halide lamp
(>400 nm) 4 92 [47]
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2.3. Kinetic Studies

Both pollutants were optimally degraded when the initial pH of the solution = 6, and
the catalysts showed the best photocatalytic performance for each pollutant. Under such
optimum initial conditions, a linear fit was performed for the removal of the persistent
pollutants from the solution, as shown in Figure 7a,b, and the results of the fit were
consistent with a pseudo-first order kinetic model. For both contaminants, a 20% Cd doping
rate resulted in a maximum degradation rate of 0.03706 min−1 for 2-CP and 0.00776 min−1

for TC. As shown in Figure 7c,d, when a 1M hydrochloric acid solution was used to adjust
the initial pH of the solution, the fitted results were consistent with the pseudo-first order
kinetic model, with the maximum degradation rate at pH = 6 when on Zn0.8Cd0.2S.

2.4. Effect of Temperature

The reaction temperature was screened under the basis of the optimum degradation
conditions listed in Section 3.2. As shown in Figure 8, the photocatalyst Zn1−xCdxS
showed a decreasing trend in the degradation in both organic pollutants with increasing
temperature at a dosage of 50 mg and pH = 6. This may be due to the fact that the dissolved
oxygen in the organic pollutant solution declines as the temperature increases, resulting in
a downward concentration of superoxide radicals leading to a decrease in the degradation
performance of the pollutants [48].
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2.5. Photoelectrochemical Analysis

The transient photocurrent test of the catalyst sample allows the study of the broad-
band response of the catalyst. It can be seen from Figure 9 that the current intensity changes
significantly at the moment the light is turned on. The strong photocurrent indicates that
the doping of Cd promotes the carrier transfer and separation, and the strong current
intensity of Zn1−xCdxS is due to the change of band gap width by the doping of Cd, which
improves the utilization of visible light.

2.6. Degradation Properties of Zn1−xCdxS-Activated PMS

The optimum photocatalyst Zn0.8Cd0.2S was selected based on the results of the
previous experiments to investigate the degradation in TC and 2-CP with different PMS
dosages. In this section, different concentrations of PMS were set up for the degradation
in TC and 2-CP. As shown in Figure 10a, b, the degradation efficiency of 2-CP increased
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from 79% to 90% with the increase in PMS dosage, and the best degradation effect and the
maximum reaction rate were achieved when the PMS dosage was 0.02 mM. The degradation
efficiency of 2-CP increased from 79% to 90%, and the best degradation effect and maximum
reaction rate was achieved at 0.02 mM PMS. According to Figure 10c,d, the degradation
efficiency of TC increased and then decreased with increasing PMS dosage, and the best
degradation effect was achieved at 0.02 mM. The graph shows that when the dosage is
more than 0.02 mM, the degradation process is more obviously inhibited. This may be
due to the fact that the excess amount of PMS obstructs other types of reactive oxygen
radicals (ROS) from generating. As the amount of photocatalyst is constant and therefore
the amount of PMS that can be activated is constant, an excess of PMS may not be activated
and may cause an increase in turbidity in the solution, thus preventing light from reaching
the solution, resulting in poor light utilization [49].
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2.7. Possible Photocatalytic Mechanism

The capture experiments can help to understand the main active species in the photo-
catalytic degradation process. The scavengers added to the solution containing persistent
pollutants were isopropyl alcohol, p-benzoquinone and EDTA-2Na to capture hydroxyl
radicals (•OH), superoxide radicals (•O2

−) and vacancies (h+), respectively. The addition
of BQ to the solution containing TC and to the solution containing 2-CP, respectively, greatly
reduced the degradation rate of both contaminants. The addition of IPA and EDTA-2Na to
the solution containing contaminants did not significantly hinder the degradation effect.
Thus, the experiments can prove that superoxide radicals are the main active species for
the degradation in TC and 2-CP (Figure 11).
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molecules and 2-CP molecules. During the course of the experiment, the organic pollutant
molecules are first adsorbed on the surface of the catalyst and when the light starts, the
electrons are first excited from the valence band to the conduction band. O2 continues to be
adsorbed on the surface, forming O2

− with electrons, which is then further reduced to H2O2
and -OH. In addition, the h+ accumulated on the VB can also be used for the degradation
in pollutant molecules as seen in Figure 12. The •O2

− play a major role in the degradation
of organic pollutants throughout the photocatalytic reaction process. In contrast, h+ and
•OH play an auxiliary role in the degradation in organic pollutants. The introduction of
Cd2+ enhances the light absorption, accelerates charge separation and transfer, enhances
the adsorption of oxygen and produces more highly active substances, which is conducive
to enhancing the activity of photocatalytic degradation in organic pollutants.
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Figure 12. Possible photocatalytic mechanism of photocatalytic TC degradation and 2-CP degradation.
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From this, we propose a possible photocatalytic reaction, which is as follows:

Zn(1−x)CdxS + hv→ e− + h+ (1)

O2 + e− → •O−2 (2)

•O−2 + 2H+ → 2•OH (3)

e− + HSO−5 → OH− + •SO−4 (4)

•O−2 + TC → Product (5)

•OH + TC → Product (6)

h+ + TC → Product (7)

•SO−4 + TC → Product (8)

•O−2 + 2− CP→ Product (9)

h+ + 2− CP→ Product (10)

•OH + 2− CP→ Product (11)

•SO−4 + 2− CP→ Product (12)

2.8. Photocatalyst Stability Testing

To investigate the stability of the optimized catalyst, the photocatalyst material syn-
thesized for the degradation in persistent pollutants was recovered from solution, washed
three times with anhydrous ethanol and deionized water and then dried in an oven, and
will be repeated for photocatalytic degradation experiments. Figure 13a,b show the stability
and recoverability of the photocatalysts implanted. The photocatalytic experiments were
repeated three times en route and there was no significant change in the degradation
efficiency for the pollutants (TC and 2-CP). This indicates that under suitable conditions,
the prepared photocatalysts are highly stable and can be repeated for photocatalytic degra-
dation experiments, which is particularly important in the field of photocatalytic removal
of contaminants from aqueous solutions.
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Figure 13. Photo-stability and recyclability of the optimized catalyst. (a) Application to 2-CP de-
gradability reusability trials. (b) Application to TC degradability reusability trials.

3. Materials and Method
3.1. Chemicals

Zinc acetate dihydrate (Zn(CH3COO)2·2H2O,AR), Cadmium acetate dehydrate (Cd
(CH3COO)2·2H2O,AR), 2-Chlorophenol (2-CP, 99%), Tetracycline hydrochloride (TC, 99%),
thioacetamide (TAA, 98%), Ammonium persulfate ((NH4)2S2O8,AR), 1-methylimidazole
(98%) and 2-methylimidazole (98%, C4H6N2) were purchased from Aladdin Industries
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(Shanghai, China). Methanol (AR), ethanol (AR), ethanediol (AR), p-benzoquinone (BQ),
isopropanol (IPA, AR), EDTA-2Na were purchased from Sinopharm Chemical Regent
(Shanghai, China). All of the materials were used without further purification.

3.2. Synthesis of ZIF-8

ZIF-8 was synthesized by improving on the previously reported synthesis method [50,51].
Zn(CH3COO)2·2H2O and 1-methylimidazole, 2-methylimidazole were dissolved in 20 mL
of anhydrous methanol, sonicated until completely dissolved, then noted as solution A and
B, respectively. Solution A was poured into solution B with rapid stirring to mix thoroughly
and stirred slowly at room temperature for 24 h. The white solid obtained by centrifugation
was washed three times with anhydrous ethanol and dried overnight in a drying oven at
60 ◦C.

3.3. Synthesis of Zn1−xCdxS Nanocages

Zn1−xCdxS nanocages are synthesized by improving on the previous work [52]. ZIF-8
was dissolved in 40 mL of anhydrous methanol and 500 mg of thioacetamide (TAA) was
dissolved in 10 mL of anhydrous ethanol and stirred separately until completely dissolved.
The two liquids were mixed and stirred slowly and continuously at 50 ◦C for 24 h. A
certain amount of Cd(CH3COO)2·2H2O was taken and dissolved in ethylene glycol to
dissolve completely. The above two solutions were mixed and stirred for 30 min and then
transferred to a 100 mL PTFE-lined hydrothermal reactor and kept at 160 ◦C for 4 h. The
resulting samples were separated by centrifugation, washed three times with anhydrous
ethanol and dried in a drying oven at 60 ◦C overnight. The amount of Cd(CH3COO)2·2H2O
was added to obtain different Zn1-xCdxS catalysts (x = 0.2, 0.4 and 0.6). The preparation
process is shown in Scheme 1.
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3.4. Photocatalytic Activity Measurements

2-chlorophenol (2-CP) and tetracycline hydrochloride (TC) were selected as organic
pollutants. The photocatalytic degradation experiments were carried out in a 100 mL
reaction vessel containing 100 mL of the organic pollutant solution (50 mg/L of 2-CP
or 40 mg/L of TC). After adding 50 mg of photocatalyst to the organic contaminant
solution and stirring for 30 min in the dark until adsorption–desorption equilibrium, the
contaminants were irradiated with visible light at a cut-off wavelength of 420 nm using a
300 W xenon lamp (Magnesium Rexon MC-PF300, Beijing, China). Samples were taken
at 15 min intervals and filtered through a 0.45 µm filter to remove catalyst particles from
the solution, and the absorbance of 2-chlorophenol and tetracycline hydrochloride were
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measured at 274 nm and 356 nm, respectively, using a UV spectrophotometer (PERSEE,
TU-1950, Beijing, China), with the method of scanning from 200 nm to 450 nm.

The photocatalytic degradation efficiency can be calculated by Equation (13), and
C0 and Ct denote the initial concentration of the pollutant and the concentration after a
reaction period, respectively.

Degradation rate : D% =
C0 − Ct

C0
× 100% (13)

3.5. PMS Activation Photocatalytic Reaction Test

For photocatalytic reactions using PMS activation, 50 mg of catalyst samples were
added to the reactor (100 mL, 50 mg/L of 2-CP or 40 mg/L of TC), stirred for 0.5 h in the
dark to reach adsorption–desorption equilibrium, and then 0.01 mM, 0.02 mM and 0.3 mM
PMS oxidants were added to the reactor. A sample of 4 mL was taken at 15 min intervals
and the catalyst was separated from the solution using a 0.45 µm needle filter and tested as
in 2.4 above.

3.6. Free radical Capture Test

Under the same conditions as the photocatalytic degradation in pollutants, p-benzoquinone
(BQ), isopropanol (IPA), and EDTA-2Na were used as trapping agents for superoxide
radicals (•O2

−), hydroxyl radicals (•OH), and holes (h+). For the cycling experiments of
photocatalysts, the photocatalysts were centrifuged and washed with deionized water and
continued to be used for photocatalytic degradation cycle experiments.

3.7. Electrochemical Testing

Photocurrent tests were performed on an electrochemical workstation with a standard
triple electrode. The electrolyte was 0.5 M H2SO4, the counter electrode was a platinum
wire, the reference electrode was an Ag/AgCl electrode, and the working electrode was a
catalyst sample coated on an ITO electrode. The working electrode was prepared by taking
5 mg of sample dissolved in 150 µL of anhydrous ethanol, adding 15 µL of naphthol to the
solution and sonicating. The sonication finished solution was coated on the ITO glass with
an area of 10 mm ×15 mm and the coating area was 10 mm × 10 mm.

4. Conclusions

In summary, Zn1−xCdxS is excellent for the degradation in pollutants under UV-
Vis conditions, but has a limiting effect on pH adjustment. When the pH was close to
neutral, the catalyst showed good adsorption and photocatalytic degradation, achieving
over 90% removal of the pollutant within 120 min. At the same time, some inhibition of
the photocatalytic process occurs with increasing temperature. In photocurrent response
tests it was shown that the doping of Cd broadened the absorption of light and had a
higher migration rate of electrons. It was shown that •O2

− was the main reactive radical.
We therefore propose a possible electron transfer mechanism and reaction mechanism.
Zn1−xCdxS also has a certain activation ability for PMS and shows a certain promotion
effect for the removal of organic pollutants when PMS is dosed at 0.02 mM in solutions
containing organic pollutants.
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