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Abstract: To improve the separation efficiency of photogenerated carriers in ZnS, constructing a ZnS-
based heterostructure with ZnO is assessed to be an efficient strategy, and a ZnO/ZnS photocatalyst
was prepared by a solid-phase approach, and the structure and morphology were systematically
studied. The ZnO/ZnS photocatalyst showed excellent photocatalytic properties on methyl orange,
rhodamine B and tetracycline under UV light irradiation, indicating that the photocatalyst exhibited
efficient broad-spectrum photocatalytic performance. Compared with ZnS, the degradation rates of
ZnO/ZnS photocatalysts for methyl orange, rhodamine B and tetracycline under UV light increased
from 21%, 9% and 32% to 96%, 94% and 93%, respectively, higher than the reported ZnO/ZnS
composites synthesized by a novel wet chemical route, attributing to the improvement of light
absorption ability and the effective separation of carriers. In addition, the influence of the sacrificial
agent on the reaction system was investigated, and the synergistic mechanism of ZnO and ZnS in the
catalytic process was analyzed according to the fluorescence spectra, photocurrent and first-principles
calculation results, and a possible catalytic mechanism was put forward.
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1. Introduction

With the rapid development of industry, many refractory pollutants enter the water
body, resulting in a series of environmental problems and a serious threat to human
health [1-3]. Photocatalytic technology has become an effective way to solve the above
problems due to its advantages of having a high efficiency, a simple process, and providing
environmental protection. The core of this technology is high-efficiency photocatalysts [4-7].
Among them, ZnS has high electron reduction ability and hole oxidation ability, and is
non-toxic and harmless, cheap and easy to obtain, and stable in performance, exhibiting
broad prospects in dealing with refractory pollutants [8-11]. However, the recombination
rate of photogenerated carriers is fast, and the photon quantum efficiency is low. Therefore,
it is of great significance to develop efficient photocatalysts and apply them to remove
refractory pollutants.

In view of the fast recombination rate of photogenerated carriers in ZnS, various ap-
proaches were adopted to enhance the photocatalytic activity, such as doping noble metals,
recombining with semiconductors, etc. [12-15]. Among them, ZnO with high photocat-
alytic activity and suitable energy band is well matched with ZnS to improve the separation
efficiency of photogenerated carriers, thereby improving the photocatalytic activity [16-18].
For example, Wang et al. prepared Pt/ZnS-ZnO nanosheets by a wet chemical method. It
was found that the photocatalyst exhibited excellent photocatalytic performance due to
the formation of a new path for electron transfer from ZnS to ZnO, and the activity was
three times higher than that of ZnS nanowire arrays [19]. Therefore, constructing ZnO/ZnS
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photocatalysts can improve the efficient separation of photogenerated carriers, which is an
effective way to obtain high-efficiency photocatalysts.

It is well known that the performance of a photocatalyst is closely related to its struc-
ture and morphology, which mainly depends on the preparation approach. So far, although
many methods were carried out to fabricate ZnS composites, such as electrospray method,
thermal deposition method, thermal reduction method, etc. [20-24], the above methods
have the disadvantages of high reaction temperature, complicated process and high energy
consumption. Therefore, it is important to synthesize ZnO/ZnS photocatalysts by a sim-
ple and green method. The low-heat solid-phase chemical method refers to the reaction
between solid substances at a low temperature. It has the advantages of no solvent, low
reaction temperature, simple synthetic process, and environmental protection [25-28]. In
recent years, our group has synthesized a series of nanofunctional materials with excellent
catalytic performance by the simple low-heat solid-state chemical method [29-33]. How-
ever, the research on the synthesis of ZnO/ZnS photocatalysts by this method has not been
reported yet.

In this work, ZnO/ZnS photocatalysts were prepared by a low-heat solid-state chemi-
cal method, and a series of characterizations were carried out on the phase, morphology,
composition, and optical properties. The photocatalytic activity of the ZnO/ZnS photo-
catalyst was studied using Methylene Orange (MO), Rhodamine B (RhB) and tetracycline
to simulate dye wastewater. The results showed that ZnO/ZnS photocatalyst exhibited
excellent photocatalytic performance. At the same time, the influence of the composition
and structure of the ZnO/ZnS photocatalyst on the photocatalytic performance were ex-
plored, and the influence of the sacrificial agent on the reaction system was investigated.
The synergistic performance of ZnO and ZnS in the catalytic process was elucidated by
photocurrent and fluorescence spectroscopy, and the photocatalytic mechanism was dis-
cussed in combination with theoretical calculations, which provided a theoretical basis for
the design of efficient and broad-spectrum photocatalysts.

2. Results
2.1. Composition, Structure and Optical Properties

The phase composition of the sample was studied by XRD technique and is shown in
Figure 1. Many obvious characteristic diffraction peaks were observed in ZnO, ZnS and
ZnO/ZnS photocatalysts, which were consistent with the results reported in the literature.
As the molar ratio of ZnO to ZnS in the ZnO/ZnS photocatalyst gradually changed from
9:1 to 5:95, the characteristic peaks of the ZnO/ZnS photocatalyst were also different,
indicating that the molar ratio played an effect on the phase composition. When the molar
ratio of ZnS to ZnO was 1:9, ZOS-0.1 showed obvious diffraction peaks at 32.1°, 34.6°
and 36.5°, which were consistent with the diffraction peaks of ZnO (JCPDS 36-1451) [34].
When the molar ratio of ZnO to ZnS was 5:5, the composite ZOS-0.5 has obvious diffraction
peaks at 28.7°, 47.6° and 56.5°, which was consistent with the diffraction peaks of ZnS
(JPCDS 05-0566) [35]. In addition, as the ZnS content increased, the diffraction peaks of
the composites also gradually enhanced, indicating that ZnS covers the shallow surface of
ZnO, which had a certain influence on the crystal structure.

Figure 2 shows the TEM images of ZnS, ZnO and ZnO/ZnS photocatalyst ZOS-0.9.
As can be seen from Figure 2a, ZnS was a random nanoparticle with a diameter of about
50 nm, and there was a certain degree of agglomeration. ZnO mainly existed in the form
of nanorods with lengths between 30 and 80 nm and diameters between 5 and 30 nm
(Figure 2b). ZOS-0.9 was mainly in the form of particles, and the particle size was reduced
to about 5 nm (Figure 2c). Moreover, some ZnO nanorods can be seen in ZOS-0.9, which was
beneficial to the synergistic effect of enhancing the separation efficiency of photogenerated
carriers. The structure of the ZnO/ZnS photocatalyst was further investigated by the
HRTEM technique (Figure 2d). The lattice spacing of 0.32 nm corresponded to the (111)
facet of cubic phase ZnS, and the crystal plane spacing of 0.24 nm were ascribed to the (101)
facet of hexagonal phase ZnO. Furthermore, there was an interface between the crystal
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facets, which can improve the separation and transport rate of photogenerated charges,
thereby enhancing the photocatalytic efficiency [36,37]. The SAED image (inset of Figure 2d)
showed that ZOS-0.9 exhibited a polycrystalline diffraction ring, indicating that it had an
obvious polycrystalline structure, which was also consistent with the XRD results.

= =) o
= aQ =
7nS A\ ~ —
Z0S-0.95 _m i o
370509 _A\ -
8 70S-0.7 "~ e
L Z0S-0.5 e,
=
‘B | 70S-0.3
5| zoso1 e N
= =
] 8@2
oY aQ = g ¢
/nO 1 T\ VA x
|* l-l_' [ &3 'l*. l .'q a A_a

10 20 3 40 50 60 70 8
2-Theta (degree)
Figure 1. XRD patterns of ZnO, ZnS, and ZnO/ZnS photocatalysts.
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Figure 2. TEM images of ZnS (a), ZnO (b), and ZnO/ZnS photocatalyst ZOS-0.9 (c); HRTEM
image (d), and SAED patterns (inset of d) of ZOS-0.9.
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Figure 3a,b were TEM images of ZOS-0.7 at different magnifications. It can be seen
that a large number of ZnS nanoparticles and some ZnO nanorods can be seen (Figure 3b),
indicating the existence of ZnO and ZnS in the composites. Meanwhile, the structure
of the ZnO/ZnS photocatalyst was further studied by HRTEM (Figure 3c). The lattice
spacing of 0.32 nm was ascribed to the (111) facet of cubic ZnS, and the lattice spacing of
0.25 nm was assigned to the (101) crystal plane of hexagonal ZnO, and there was a clear
interface between ZnO and ZnS, which was helpful to the synergistic effect of improving
the separation efficiency of photogenerated carriers [36]. The SAED image (Figure 3d)
showed that ZOS-0.7 exhibited polycrystalline diffraction rings, indicating an obvious
polycrystalline structure, which was in agreement with the XRD results.

10 1/nm
I

Figure 3. TEM images (a,b), the corresponding HRTEM image (c), and SAED patterns (d) of ZOS-0.7.

The compositions of ZnO, ZnS and ZOS-0.9 were studied by XPS technique and are
shown in Figure 4. The full XPS spectra results indicated that ZnO contained Zn, O, and C
elements, ZnS contained Zn, S, O, and C elements, and ZOS-0.9 was composed of Zn, O, S,
and C elements (Figure 4a). The C peak at 284.6 eV and the O peak at 531.6 eV are both
derived from the contamination of the sample surface [38]. In Figure 4b, two characteristic
peaks centered at 1022.0 eV and 1045.1 eV were derived from Zn 2p3/, and Zn 2pq,;
orbitals, corresponding to Zn?* in ZnO and ZnS [39]. The characteristic peaks at 161.8 eV
and 162.7 eV in Figure 4c were assigned to the S 2p3,, and S 2py /, orbitals of S** in ZnS,
respectively, proving the existence of ZnS [40]. Compared with ZnS, the binding energies of
S element in ZOS-0.9 were slightly shifted toward higher binding energies, which may be
caused by the interaction between ZnO and ZnS. Furthermore, two characteristic peaks of
O 1s orbital appeared at 530.1 eV and 531.6 eV in ZnO (Figure 4d), proving the existence of
two chemical states of O element. Among them, the strong peak at 530.1 eV indicated the
existence of lattice oxygen in ZnO, while the weak peak at 531.6 eV may have originated
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from the adsorbed H;O on the sample surface [41]. In comparison with ZnO, the O 1s peak
of ZOS-0.9 was red-shifted to 531.8 eV, indicating an interaction existed between ZnO and
ZnS. The above XRD, HRTEM and XPS results indicated that ZOS-0.9 was composed of
ZnO and ZnS.
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Figure 4. XPS spectra of ZnO, ZnS, and ZOS-0.9 (a) survey, (b) Zn 2p, (c) S 2p, (d) O 1s.

To study the optical properties of the samples, the UV-Vis diffuse reflectance properties
of ZnO, ZnS and ZnO/ZnS photocatalysts were considered. In Figure 5a, the absorption
edges of both ZnO and ZnS were around 380 nm. Compared with them, the absorption
edge of ZnO/ZnS photocatalyst first shifted blue and then red with the increase in ZnS
content. According to the formula occhv = Athv — Eg)“/ 2, the forbidden band width of
the semiconductor can be calculated. Since both ZnO and ZnS were direct bandgap
semiconductors, n was taken as 1, and both sides were squared. Figure 5b was obtained by
plotting (ahv)? against the energy hv. A tangent was drawn, and the intersection of the
tangent and the abscissa was the forbidden band width of the semiconductor [42]. It can be
obtained that the forbidden band widths of ZnO, ZnS, Z0S-0.1, ZOS-0.3, ZOS-0.5, ZOS-0.7,
Z05-0.9 and ZOS-0.95 were 3.30 eV, 3.38 eV, 3.32 eV, 3.60 eV, 3.62 eV, 3.65 eV, 3.56 eV and
3.53 eV, respectively. Among them, ZOS-0.9 had a larger absorption edge and a smaller
band gap. Therefore, it was more likely to be excited by light to generate carriers, and
photocatalytic reactions were more likely to occur on the surface [43].
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Figure 5. (a) UV-vis DRS, and (b) (ahv)? versus hv of ZnO, ZnS, and ZnO/ZnS photocatalysts.

2.2. Photocatalytic Performance

In order to explore the performance of the ZnO/ZnS photocatalyst, MO was used as a
simulated dye to study the photocatalytic activity. Figure 6a shows the degradation of MO
by ZnO, ZnS and ZnO/ZnS photocatalysts under UV light. The degradation rates of MO
over ZnO and ZnS were 20% and 21% under 120 min illumination, respectively. When the
ZnO/ZnS photocatalyst was added, the degradation rate of MO was significantly increased.
Especially when the molar ratio of ZnS and ZnO was 9:1, ZOS-0.9 exhibited the highest
degradation rate of MO, and the degradation rate reached 96% under 120 min illumination,
which was superior to other reported chalcogenide composites [44]. It can be seen that the
Z05-0.9 can basically completely degrade MO molecules, indicating that the photocatalyst
showed excellent degradation performance. It was mainly attributed to the introduction of
ZnO, which facilitated the rapid separation of photogenerated carriers in photocatalysts,
and was helpful to enhance to the ability of absorb light and store electrons, thereby
improving the photocatalytic activity. To further investigate the reaction rate constant,
a kinetic study was performed on the degradation data in Figure 6a [45]. In Figure 6b,
the degradation rate constants of ZnO, ZnS and ZOS-0.9 for MO was 0.00175 min~?,
0.00193 min~! and 0.0202 min~!, respectively. Thus, the degradation performance of ZOS-
0.9 for MO was 12 times and 11 times to that of ZnO and ZnS, respectively, suggesting that
the activity of ZnO/ZnS photocatalyst was significantly improved after introducing ZnO.

Meanwhile, the photocatalytic properties of ZnO/ZnS photocatalyst on the RhB under
UV light irradiation were investigated. It can be seen that the composites also showed
excellent photocatalytic activity for RhB (Figure 6¢). After illumination for 120 min, the
degradation rates of ZnO and ZnS were 46% and 9%, respectively, while 94% of RhB was
degraded by ZOS-0.7, which was higher than that the reported [46], indicating that the
ZnO/ZnS photocatalyst exhibited excellent photocatalytic activity in degrading RhB. From
the kinetic curve in Figure 6d, the rate constants for degrading RhB by ZOS-0.7, ZnS and
ZnO were 0.01536 min~?, 0.000768 min~! and 0.00497 min~!, respectively. Hence, the
catalytic activity of ZOS-0.7 was 20 times and 3 times to that of ZnS and ZnO, respectively,
indicating that the ZOS-0.7 exhibited excellent performance for the degradation of RhB.
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Figure 6. Photodegradation rates and kinetic curves under UV light for the degradation of MO (a,b),
RhB (¢,d), and tetracycline (e,f) over ZnO, ZnS, and ZnO/ZnS photocatalysts.

The photocatalytic performance of ZnO/ZnS photocatalyst for tetracycline was further
studied. In Figure 6e, 32% of tetracycline was degraded by ZnS after 120 min of UV light
irradiation, while the degradation rate of tetracycline by ZOS-0.7 reached 93%, which was
higher than that the reported [47]. It can be seen that the photocatalyst ZOS-0.7 can basically
completely degrade the tetracycline, indicating that the photocatalyst ZOS-0.7 showed
excellent degradation performance for tetracycline. It can be attributed to the synergistic
effect between ZnS and ZnO, and then promoting the rapid separation of photogenerated
electrons and holes. Figure 6f showed the kinetic simulation results of degrading tetracy-
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cline by ZnS, ZnO and ZnO/ZnS photocatalysts. The rate constants for the degradation
of tetracycline by ZOS-0.7, ZnS and ZnO were 0.01642 min~! and 0.00299 min~! and
0.00576 min !, respectively. Compared with ZnS and ZnO, the catalytic activity of the
Z0S5-0.7 was 5.5 times and 2.9 times to that of the above, respectively, indicating that the
photocatalyst exhibited excellent photocatalytic performance for tetracycline degradation.

Considering the importance of catalyst stability and reuse in practical applications, the
stability of the ZOS-0.9 was investigated by cycling experiments and is shown in Figure S1.
There was no significant decrease, and the degradation rate of MO can still reach 90% after
being repeated 6 times, indicating that the ZnO/ZnS photocatalyst exhibited better stability.

2.3. Photocatalytic Mechanism
2.3.1. Theoretical Calculation

To study the ZnO/ZnS (ZOS) system, a 3 x 3 ZnS supercell was constructed with two
S atoms replaced by O atoms and shown in Figure 7a. Band structures were calculated
along the following high symmetry points in k-space: H (—0.333, 0.666, 0.5), K (—0.333,
0.666, 0), M (0,0.5,0), T (0,0,0), A(0,0,0.5),L(0,0.5,0.5).

N
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Energy (eV)
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i

NS}
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Eg =245¢eV

Figure 7. (a) Optimized atomic structure of ZnO/ZnS photocatalyst, Band structures near Fermi level
for ZnS; (b), ZnO; (c) and ZnO/ZnS photocatalyst; (d) computed at HSE06 level (Fermi levels are set
to zero).

Next, we investigated the electronic properties of ZnS, ZnO and ZnO/ZnS photo-
catalysts, and the energy band structures were shown in Figure 7b—d. The valence band
maximum (VBM) and conduction band minimum (CBM) of the photocatalyst were all
located at the I' point, indicating that they were direct bandgap semiconductors with band
gaps of 3.49, 2.45, and 2.84 eV, respectively.
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To further investigate into the VBM and CBM compositions of the photocatalysts, the
partial wave density of states (PDOS) was calculated and shown in Figure 8a—c. The VBMs
of ZnS and ZnO were mainly derived from the p states of S and O atoms, and the 3p states
of Zn atoms. For the ZnS/ZnO photocatalyst, the VBM and CBM mainly originated from
the 3p states of S atoms and the 4s states of Zn atoms, indicating that a spatial separation
of VBM and CBM occurred. To provide a more intuitive illustration, the spatial structures
of the wave functions of the VBM and CBM for the ZnS/ZnO catalyst were calculated as
shown in Figure 8d. The spatial separation of VBM and CBM can facilitate the efficient
separation of photogenerated carriers. In addition, it can be seen that the band gap reduced
when O atom was introduced into the ZnS system.
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Figure 8. Partial density of states (PDOS) near Fermi level for ZnS (a), ZnO (b) and ZnO/ZnS photo-
catalyst (c), Spatial structure of wave functions of VBM (d) and CBM (e) for ZnS/ZnO photocatalyst.

2.3.2. Mechanism Characterization

The recombination speed of photogenerated carriers can be judged by the fluorescence
emission spectrum. If the fluorescence intensity is high, it indicates that the photogenerated
electron-hole recombination rate of the photocatalyst is fast. On the contrary, when the
fluorescence intensity is low, it suggests that the recombination rate of photogenerated
carriers is low. To further study the carrier separation characteristics of the samples, the
fluorescence spectra of ZnO, ZnS and ZnO/ZnS photocatalysts were tested at an excitation
wavelength of 250 nm and shown in Figure 9a. The fluorescence spectra intensities of
ZnO and ZnS were higher, indicating that the electron-hole recombination probability was
higher, and vice versa. While the fluorescence spectra intensities of ZnO/ZnS photocata-
lysts were obviously lower, and with the increase in ZnS content, the fluorescence intensity
first decreased and then increased. When the molar ratio of ZnS and ZnO was 9:1, the
fluorescence intensity of ZOS-0.9 was the lowest, indicating that the recombination possibil-
ity of photogenerated carriers was the lowest, so that more photogenerated electrons and
holes can participate in the photocatalytic reaction, thereby improving the photocatalytic
activity [48].
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Figure 9. (a) Steady-state PL spectra of samples excited at 250 nm; (b) transient photocurrent
responses of samples; (c) free radical capture experiment for degradating MO over ZnO/ZnS photo-
catalyst ZOS-0.9 under UV light; (d) XPS-VB spectra of ZnO, ZnS, and ZOS-0.9.

The photocurrent response characteristics were also investigated to reveal the pho-
tocatalytic mechanism of ZnO/ZnS. From Figure 9b, the photocurrent response signals
of ZnO and ZnS were weaker while the photocurrent signal of ZnO/ZnS photocatalysts
were stronger. The photocurrent signals also varied with the composition of ZnO/ZnS
photocatalyst differing, when the molar ratio of ZnS and ZnO was 9:1, the ZOS-0.9 showed
the highest photocurrent intensity, which was 10 times and 6 times than that of ZnO and
ZnS, respectively, indicating that more photogenerated carriers can be produced over the
ZnO/ZnS photocatalyst under illumination [49]. The ZnO/ZnS photocatalyst can effec-
tively improve the migration rate of carriers and make it exhibit higher photocatalytic
activity, which is consistent with the above photocatalytic results.

The active species in the photocatalytic reaction were studied via adding capture
agents to the ZOS-0.9 system, in which EDTA-2Na, Ethanol, 1,4-Benzoquinone were the
capture agents of h*, -OH and -O, ~, respectively. As shown in the Figure 9c, when EDTA-
2Na was added to the reaction system under UV light irradiation, the catalytic activity
was significantly improved, indicating that h™ was not the active species for the reaction.
When ethanol was added, the photocatalytic activity of ZOS-0.9 decreased, indicating the
presence of -OH, but it was not the main active species. However, when 1,4-Benzoquinone
was added, the photocatalytic activity decreased significantly, indicating that -O,~ was the
major active species.
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The valence band positions of ZnO, ZnS, and ZOS-0.9 were determined from the
XPS valence band spectrum (XPS-VB). In Figure 9d, the valence band positions (Eyg) of
ZnO, ZnS and ZOS-0.9 are 1.94, 0.49 and 1.12 eV, respectively. According to the formula
Ecp = Eyp — Eg, the conduction band positions (Ecp) were —1.36, —2.89 and —2.44 eV,
respectively. From the above results, it can be seen that the photocatalyst ZOS-0.9 has
strong oxidative and reductive abilities, attributing that the introduction of ZnO changed
the energy band structure of the ZnO/ZnS photocatalyst and enhanced the redox ability.

2.3.3. Photocatalytic Mechanism

Based on the above photocurrent, fluorescence spectra, active species and XPS-VB re-
sults, it can be inferred that the ZnO/ZnS photocatalyst was a typical Type Il photocatalytic
mechanism (Figure 10).
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Figure 10. Photocatalytic mechanism of degradation MO over the ZnO/ZnS photocatalyst.

It can be found that ZnS and ZnO can both be excited by UV light to generate electrons
in the conduction band and holes in the valence band, respectively. Among them, the
electrons in the conduction band of ZnS can migrate to that of ZnO, while the holes in
the valence band of ZnO can quickly migrate to the valence band of ZnS. In the above-
mentioned electron and hole migration process, efficient separation of photogenerated
carriers can be achieved, and effective time of photogenerated carriers can be improved. The
photogenerated holes can directly catalyze and oxidation methyl orange, and then degrade
it to CO, and H;O. At the same time, the photogenerated electrons can combine with O, to
generate -O;", and then react with pollutants to achieve the purpose of degradation.

3. Materials and Methods
3.1. Synthesis

ZnO/ZnS heterojunction photocatalysts were fabricated by a low-heat solid-state
chemical process. Firstly, 10 mmol Zn(CH3COO);-2H,0 was added to a mortar and
ground for 10 min, and 5 mmol sodium dodecyl sulfate (SDS) was added and ground for
40 min, then 1 mmol NH,CSCHj3; was added and ground for 40 min, finally an excess of
40 mmol NaOH was added and continually ground for 60 min. The as-prepared sample
was washed with deionized water and absolute ethanol, and dried in an oven at 80 °C for
8 h to get ZnO/ZnS photocatalyst ZOS-0.1. Here, 0.1 represents that the molar ratio of ZnS
to ZnO was 1:9.
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For convenience, when the molar amounts of NH,CsCHj3 were 3 mmol, 5 mmol,
7 mmol, 9 mmol and 9.5 mmol, respectively, the ZnO/ZnS photocatalyst with different
molar ratios was prepared according to a similar method, and were named as ZOS-0.3,
Z05-0.5, ZOS-0.7, ZOS-0.9 and ZOS-0.95, respectively. ZnS was obtained when NaOH and
SDS were not added, and ZnO was got when NH,CSCH3 and SDS were absent.

3.2. Characterization

The crystal structures of samples were analyzed by X-ray powder diffractometer
(D8 Advance, Bruker, Germany). The morphologies were characterized by field emis-
sion transmission electron microscopy (JEOL, JEM-2100F, Japan). The compositions of
samples were tested by X-ray photoelectron spectroscopy (XPS) (SCIENTIFIC ESCALAB
250Xi, Thermo Company, Waltham, MA, USA). The ultraviolet-visible diffuse reflectance
absorption spectra (UV-vis DRS) of the samples was measured by an ultraviolet-visible
spectrometer (H-3900, Hitachi, Japan). The BaSO, tablet was used as a reference, and the
scanning range was 250-800 nm. The fluorescence spectra of the samples were tested by a
fluorescence spectrometer (F-4500, Hitachi, Japan), and the excitation wavelength of the
sample was 250 nm. The photocurrent of the samples was measured using a CHI 660B
electrochemical workstation. Here, three electrodes system including Ag/AgCl electrode,
Pt sheet, and FTO glass coated with different samples were used as reference electrode,
counter electrode, and working electrode, respectively.

3.3. Photocatalytic Test

The photocatalytic properties of the samples were carried out on a multi-tube photo-
chemical reactor (Nanjing Xujiang Mechanical and Electrical Power Plant, XPA-7, China).
During the experiment, the light source was a 300 W mercury lamp. Due to the high
energy of the light source, more heat will be generated, so it is necessary to continuously
introduce condensed water for circulating cooling. The specific operation is as followings:
25 mg catalyst was added to 50 mL of methyl orange (MO, 10 mg L~!), rhodamine B
(RhB, 10 mg L 1) and tetracycline (10 mg L~1) solution. In order to make the adsorption
equilibrium between the catalyst and MO (RhB and tetracycline) solution, the adsorption
was allowed to stand for 2 h under darkroom conditions. Subsequently, the light source
was turned on to conduct the experiment. Under different light conditions, 3.5 mL of the re-
action solution was taken at 20 min intervals, centrifuged at a certain speed (10,000 r min~!)
for 10 min, the supernatant was taken and the concentrations of MO (RhB and tetracycline)
were analyzed. The concentrations of MO (RhB and tetracycline) were measured using
UV-Vis diffuse reflectance absorption spectrometer.

To investigate the active species in the photocatalytic reaction, radical trapping ex-
periments were carried out. The scavengers used were mainly EDTA-2Na, Ethanol and
1,4-benzoquinone. The experimental procedure is the same as above, the photocatalyst
and MO (RhB and tetracycline) concentrations remain unchanged, the difference is that a
certain amount of trapping agent needs to be added to the above system.

3.4. Theoretical Calculation

First-principle calculations based on density functional theory (DFT) were carried out
in the Vienna Ab initio Software Package (VASP) using plane-wave techniques [50]. The ion-
electron interaction was described using the projected extended wave (PAW) method [51].
The function of Perdew, Burke and Ernzerhof (PBE) was used to describe the exchange-
related energy [52]. A cut-off voltage of 450 eV was used for the plane wave base set. The
first Brillouin zone was sampled using a Monkhorst-Pack k-point grid with K-point spacing
less than 0.03 A~!. The DFT-D3 method with Becke-Jonson damping is used to accurately
explain for Van der Waals forces in weak interactions [53,54]. Considering that the PBE
function systematically reduces the band gap, the band structure and density of states
(DOS) were calculated using the Heyd-Scuseria-Ernzerh (HSE06) with mixed functions [55].
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4. Conclusions

ZnO/ZnS photocatalysts were successfully prepared by a low-thermal solid-state
chemical approach, and XRD, HRTEM and XPS results indicated that a ZnO/ZnS composite
was formed, which could accelerate the efficient separation of photogenerated charges.
The photocatalytic results showed that when the molar ratio of ZnS to ZnO was 9:1, the
degradation rate of MO by ZOS-0.9 reached 95% after 120 min of irradiation under UV
light, which was 12 times and 11 times than that of ZnO and ZnS, respectively. In addition,
for the photocatalytic degradation of RhB and tetracycline, ZOS-0.7 exhibited excellent
photocatalytic activity when the molar ratio of ZnS to ZnO was 7:3, indicating that the
composite exhibited efficient and broad-spectrum photocatalytic performance. Based on
the UV-Vis diffuse reflection absorption spectrum, fluorescence spectrum and surface
photocurrent results, the excellent photocatalytic performance of ZnO/ZnS photocatalyst
was mainly due to the enhancement of light absorption ability and the effective separation
of carriers, mainly attributing to the interfacial effect of the ZnO and ZnS composite. The
radical trapping results showed that the main active species for the degradation of MO in
the ZnO/ZnS photocatalyst was -O, ™, combining with the theoretical calculation results,
the photocatalytic mechanism belonged to type II. The study provides technical guidance
for designing highly active ZnS composite photocatalysts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12090981/s1, Figure S1: Cycling experiment of photocatalytic
degradation of MO by composite ZOS-0.9 under UV light irradiation.
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