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ABSTRACT: ZnS@In,S; core—shell structures with high photo-
catalytic activity have been delicately designed and synthesized.
The unique structure and synergistic effects of the composites have
an important influence on the improvement of photocatalytic
activity. The photocatalytic activity has been studied by photo-
degrading individual eosin B (EB) and the mixture solution
consisting of eosin B and rhodamine B (EB-RhB) in the presence
of hydrogen peroxide (H,O,) under simulated sunlight irradiation.
The results show that all of the photocatalysts with different
contents of In,S; exhibit enhanced catalytic activity compared to
pure ZnS for the degradation of EB and EB-RhB solution. When
the theoretical molar ratio of ZnS to In,S; was 1:0.5, the composite
presents the highest photocatalytic efficiency, which could eliminate more than 98% of EB and 94% of EB-RhB. At the same time,
after five cycles of photocatalytic tests, the photocatalytic efficiency could be about 96% for the degradation of the EB solution, and
relatively high photocatalytic activity could also be obtained for the degradation of the EB-RhB mixed solution. This work has
proposed a facile synthetic process to realize the controlled preparation of core—shell ZnS@In,S; composites with effectively
modulated structures and compositions, and the composites have also proved to be high-efficiency photocatalysts for the disposal of
complicated pollutants.
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1. INTRODUCTION increase the active sites and regulate the migration of
photoinduced charge carriers.””™' Furthermore, the photo-
catalytic efficiency could be noticeably enhanced by adjusting
the band gap of the photocatalysts, which could optimize their
activity and light utilization efficiency during the degrading
process.””** Many researchers have made efforts to improve
the photocatalytic activity of ZnS. Das et al.** prepared a kind
of CuS/ZnS (CZS) nanoparticles (NPs) that grew on
graphene sheets through a simple and green synthesis. By
comparison, the visible light photocatalytic activity of CuS/
ZnS graphene (CZSG) nanocomposites for the degradation of
methylene blue was significantly enhanced. Ouni et al.*

Photocatalysis has been considered to be a highly efficient and
economic method to dispose of organic pollutants in water and
has attracted increasing attention recently.'”* Among the
various kinds of photocatalysts, metal chalcogenides have been
widely studied, such as ZnS, 8 BiZS3,9_11 CuS,' >~ cds, >
and so on, because of their controllable band structures and
excellent performance for photocatalytic degradation of
organic pollutants under light irradiation. However, some
shortcomings, such as low solar utilization efficiency, toxicity,
and rapid recombination of photogenerated electron—hole

) . . 182l
pairs, prevent their extensive applications. The reported . . o
research studies indicate that the design and synthesis of synthesized thioglycolic acid-decorated ZnS nanocrystals and

chalcogenide composites is an effective method to improve the tested the p}llotodegradation efficiency for methyl orange
photocatalytic performance in the degradation process.”>~>° aqueous solution. The results showed tI}at the dy;e7 pollutant

ZnS is a well-known ultraviolet light-driven photocatalyst, cZouSId be degra.dle d for.til.37‘;é (aft1<:r16 mm.l Kugl ZrO 0 3) r?%géd
which has been extensively studied due to its relatively high nS nanoparticles with poly(ethylene glycol)- i

photocatalytic activity.”'>*”** Although ZnS is a wide-band-

gap semiconductor (3.72 eV for the cubic crystalline, 3.77 eV Received: August 25, 2022 L,
for the hexagonal crystalline), its photocatalytic activity could Accepted:  December S, 2022 oo
be effectively improved. Based on the previous reports, the Published: December 28, 2022 4

following methods could dramatically enhance its photo- < 9N
catalytic performance. Modulating the morphology and
structure of ZnS nanomaterials would be an efficient way to
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Figure 1. (3, b) SEM and (c) TEM images of ZnS. (d) SEM and (e, f) TEM images of ZnS@In,S;-2.

a ‘ b c
* In,S; 140 - —— ZnS@In,S,-2
o Zn$ R |~ 7ns In 3d
S x * E120F o s
* * ° 1:3 » 293 Zn2p
A A oy Aot —_~
I\ \ 20100 - =
= \ \ 1:2 3
3 "‘"“‘W.A./j “"‘j\mwﬂ\“‘ LT T RN E %0 ‘:’
g . =4 B =y
..g \/ 1:1.5 % E
5 A | g 60t £
= ) A 1:1 1 C
= "\W W\.«w WAMIWM < = S2p
:"\J" A 1:0.5 Z 40F
=
g 2
A y \ \w A 1:0.25 o 0r
H . 7 . | ! 0 L L . 1 . .
10 20 30 40 50 60 70 80 0.0 0.2 0.4 0.6 0.8 1.0 1200 10'00 8(‘)0 6(’)0 460 ,)(')0 0
2 Theta (degree) Relative Pressure (p/p,) - Binding Energy (eV) }
1 1 J y
d e f
Zn 2p Zn 2p; In3d In 3ds,,

Intensity (a.u.)
Intensity (a.u.)

Intensity (a.u.)

T T T
1040 1030 1020

Binding Energy (eV)

T
1050 455

450
Binding Energy (eV)

T T
162 160

Binding Energy (eV)

T T T
445 440 166 164

Figure 2. (a) XRD patterns of the ZnS@In,S; composites. (b) N, adsorption—desorption isotherm loops of ZnS, In,S;, and ZnS@In,S;-2. XPS
spectra of ZnS@In,S;-2: (c) survey spectrum, (d) Zn 2p spectrum, (e) In 3d spectrum, and (f) S 2p spectrum.

4000) or poly(vinylpyrrolidone) (PVP) capping by chemical
precipitation. The photocatalytic degradation test of the
solution containing methyl orange dye showed that the
photocatalytic degradation rate of PEG-ZnS reached 85%,
and the photocatalytic degradation rate of PVP-ZnS was 87%,
which was obviously better than that of untreated ZnS.
However, the reported research studies generally focus on the
disposal of pollutants containing a single dye, which greatly
limits their applications in practical wastewater treatment.
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Thus, it is of great significance to explore high-efficiency
photocatalysts for more complicated water pollutants.

In this work, a facile synthetic process has been proposed for
the controlled preparation of core—shell structure ZnS@In,S;
composites, which present high solar light utilization efliciency
and photocatalytic activity. Additionally, the photocatalytic
performance for the degradation of single and mixed dye
solutions has also been investigated. The experimental results
show that the unique structure and composition have a
remarkable influence on the photocatalytic efficiency of the

https://doi.org/10.1021/acsomega.2c05483
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Figure 3. (a, b) EDX analysis of ZnS@In,S;-2. (c) PL and (d) EIS results of ZnS and ZnS@In,S;-2.

synthesized photocatalyst. ZnS@In,S;-2 exhibits a high
degradation efficiency of 98.55% for pure EB solution and
over 94% degradation efficiency for the EB-RhB mixed
solution. This study has provided a novel and feasible way to
modulate the performance of photocatalysts for practical
applications.

2. RESULTS AND DISCUSSION

2.1. Characterization of the Photocatalyst. The
morphology and structure of the prepared ZnS and ZnS@
In,S;-2 composite are analyzed by field emission scanning
electron microscopy (FESEM) and transmission electron
microscopy (TEM). Figure la,b shows that ZnS presents a
uniform sphere structure with an average diameter of about
800 nm, and the surface of the spheres is slightly rough. From
Figure 1, it is clear that the surface of ZnS spheres is not
smooth, which is beneficial for the decoration of In,S;
nanoparticles. Moreover, the spheres have a solid structure,
which is conducive to the retention of photocatalytic efficiency
during the cyclic utilization process. Figure 1d—f shows that
the surface of the ZnS@In,S;-2 sphere structures becomes
rougher, and numerous In,S; nanoparticles are uniformly
decorated on the surface, forming a unique core—shell
structure.

The crystalline structure and composition of the as-prepared
ZnS@In,S; composites are confirmed by X-ray diffraction
(XRD) analysis. As shown in Figure 2a, all of the materials
show evident diffraction peaks for ZnS (JCPDS No. 75-1547)
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and In,S; (JCPDS No. 84-1385). The XRD pattern for pure
ZnS is shown in Figure S1, and the crystalline structures are
the same as those of the composites. The results indicate that
all of the ZnS@In,S; composites are composed of ZnS and
In,S;, and as the coating amount of In,S; is increased
gradually, several diffraction peaks for ZnS become weaker and
inconspicuous, which demonstrates that In,S; is coated outside
the ZnS sphere.

The specific surface areas of ZnS, In,S;, and ZnS@In,S;
composites are investigated, and the results are displayed in
Figure 2b and Table S1. It could be observed that the ZnS@
In,S; composites exhibit higher specific surface areas than bare
ZnS (78.3 m* ¢g') and In,S; (73.8 m* g™'), which could
provide much more active sites for the photocatalytic
degradation of organic dyes. When the theoretical molar
ratio of ZnS$ to In,S; increases to 1:1.5, the composite exhibits
the highest specific surface area of 136.7 m* g~'. However,
when the content of In,S; is continually increased, the specific
surface area decreases a little because of the obvious
aggregation of the nanostructures resulting from a large
amount of In,S; nanoparticles. The results demonstrate that
the introduction of a moderate amount of In,S; could
effectively improve the contact area for both adsorption and
photocatalytic degradation of dye molecules.

The surface elemental composition and chemical state of the
ZnS@In,S;-2 composite are investigated by X-ray photo-
electron spectroscopy (XPS). As shown in Figure 2c, the
survey spectrum indicates that the ZnS@In,S;-2 composite

https://doi.org/10.1021/acsomega.2c05483
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Scheme 1. Schematic Description for the Synthesis of ZnS@In,S; Core—Shell Structures
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Figure 4. (a) Photocatalytic efficiencies of ZnS, In,S;, and ZnS@In,S; composites. (b) Plots of In(C,/C) as a function of simulated sunlight
irradiation time for the degradation of EB with the photocatalysts of ZnS, In,S;, and ZnS@1In,S;-2. (c) The real-time UV—vis absorption spectra of
EB during the photocatalytic degradation process with the photocatalyst of ZnS@In,S;-2. (d) Cycle performance of ZnS@In,S;-2. (e) Elimination
rates of EB by ZnS@1In,S;-2 in the dark (I), by ZnS@In,S;-2 under simulated sunlight (II), by H,O, under simulated sunlight (III), and by ZnS@
In,S;-2 and H,0, in the dark (IV). (f) Plots of In(C,/C) as a function of simulated sunlight irradiation time for the degradation of EB with ZnS@

In,S;-2 and H,0,, H,0,, and ZnS@In,S;-2.

consists of Zn, S, and In elements. In Figure 2d, the Zn 2p
spectrum could be divided into two peaks, Zn 2p,,, and Zn
2p;3/y, centered at 1044.1 and 1021 eV, respectively, which
correspond to Zn?* 37 In Figure 2e, the characteristic peaks
at 444.9 and 452.6 eV could be assigned to In 3ds;, and In
3d;,, respectively, indicating that the In element exists in the
+3 valance state.*® In Figure 2f, S 2p could be fitted into S
2pys, and S 2p;j,, which represent the S element in the —2
valence state.”” The XPS results have further affirmed the
composition of the material, which is consistent with the
previous analysis.

Energy-dispersive X-ray spectroscopy (EDX) analysis has
been adopted to confirm the contents and distributions of the
Zn, In, and S elements in the ZnS@In,S;-2 composite, and the
results are shown in Figure 3a,b. As can be seen, ZnS@In,S;-2
is composed of Zn, In, and S elements, which are uniformly
distributed in the nanomaterial. Moreover, it is clear that the
content of ZnS in the composite is much higher than that of
In,S;, which is consistent with the TEM results, and the small
amount of In,S; has been proven to be able to dramatically
improve the photocatalytic performance of the composite. The
PL and EIS analyses have been applied to confirm the dynamic
behavior of the photoexcited carriers of ZnS and the ZnS@
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In,S;-2 composite. As can be seen in Figure 3¢, the PL
emission peak intensity of ZnS@In,S;-2 is much lower than
that of ZnS, which completely demonstrates that the coating of
a thin layer of In,S; could effectively improve the separation
and migration efficiency of the photoinduced carriers.”"**
Moreover, in Figure 3d, the relatively smaller arc of ZnS@
In,S;-2 indicates its better charge diffusion ability than
individual ZnS.>*” The PL and EIS results have revealed that
the synergistic effects between ZnS and In,S; could noticeably
optimize the dynamic behavior of the photocatalyst.

The synthesis mechanism of ZnS@In,S; composites is
analyzed and described, as shown in Scheme 1. ZnS spheres
are utilized as the precursor, and the In,S; nanoparticles could
grow outside the ZnS surface via the ion exchange and
deposition process. First, ZnS spheres are able to release few
Zn* and S*” ions in the citric acid solution and form a
dynamic balance. Citrate acid also plays a role as a functional
agent to induce the In** ions to react with S>~ ions on the
surface of ZnS. The solubility product constant for ZnS (2.93
X 107%*) is much larger than that of In,S; (5.7 X 1077%),
indicating that the In®" ions tend to exchange Zn*' in Zn$S
during the reaction. When the In*" ions are added to the Zn$S
aqueous dispersion, the original chemical equilibrium would be

https://doi.org/10.1021/acsomega.2c05483
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Figure S. (a) UV—vis absorption spectra of EB-RhB, EB, and RhB during the photocatalytic degradation process. (b) Elimination rates of EB-RhB,
EB, and RhB with ZnS@In,S;-2 in the dark. (c) Degradation rates of EB-RhB, EB, and RhB with ZnS@In,S;-2 and H,O, under simulated sunlight
irradiation. (d) Plots of In(Cy/C) as a function of simulated sunlight irradiation time for the degradation of EB-RhB, EB, and RhB with ZnS@In,S;-
2. (e, f) Repetitive utilization of ZnS@In,S;-2 in EB-RhB solution for the degradation of RhB and EB.

broken, and the ion exchange reaction occurs. In*" ions could
combine with $* ions to form In,S;, and the product would
load on the surface of ZnS. As the surface of ZnS is evenly
coated with In,S;, it could prevent In** ions from further
exchanging Zn** in ZnS; thus, a new chemical equilibrium
could be established. Furthermore, during the solvothermal
process, extra added S*~ ions could rapidly react with In** ions.
Because the surface of ZnS spheres has already been coated by
In,S; nanoparticles, the newly generated ones are more likely
to continually grow on the sphere structures and form a thicker
In,S; shell. The corresponding reactions could be proposed as
follows

ZnS « Zn** + §*° (1)
20" + 38*7 « In,S, (2)
3ZnS + 2In’** & In,S; + 3Zn** 3)

2.2. Photocatalytic Performance. The optical property
of ZnS@1In,S;-2 is assessed and shown in Figure S2. It could be
found that via the combination of In,S;, the light absorption
range has been widened, which could utilize the light over the
wavelength of 400 nm. The photocatalytic performance of the
ZnS@In,S; composites for the degradation of EB is compared
with that of bare ZnS spheres and In,S; nanoparticles. As
shown in Figure 4a, in the first 20 min, it is mainly the
adsorption process of the photocatalysts for dye molecules in
the presence of H,O, without light irradiation. The EB
molecules could absorb on the photocatalysts and reach the
adsorption—desorption equilibrium. Evidently, the adsorption
rates of the ZnS@In,S; composites are below 10%, indicating
that the removal of organic pollutants is mainly attributed to
the photocatalytic process. After being exposed to light
irradiation for 100 min, the removal rates of EB are 95.68,
98.55, 95.90, 94.42, 93.19, and 92.06% for ZnS@In,S;-1,
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ZnS@In,S;-2, ZnS@In,S5-3, ZnS@In,S;5-4, ZnS@In,S;-5, and
ZnS@In,S;-6, respectively. For bare ZnS, the EB removal
efficiency could hardly reach 90% in 100 min, and for bare
In,S; nanoparticles, the degradation rate is up to 95.83%. The
results indicate that the In,S; nanoparticles present much
higher photocatalytic efficiency than ZnS spheres, and the
appropriate combination of In,S; in the composites could
improve the photocatalytic performance owing to the
synergistic effects. When the theoretical molar ratio of ZnS
to In,S; is 1:0.5, the composite presents the highest
photocatalytic efficiency. Moreover, the elimination rate of
TOC utilizing ZnS@In,S;-2 as the photocatalyst is also
investigated, and 50.7% of the TOC could be eliminated
during the photocatalytic process.

The kinetics of EB degradation during the photocatalytic
process is also analyzed. As shown in Figure 4b, linear
relationships between In(C,/C) and reaction time are
obtained, indicating that the photocatalytic degradation of
EB follows the first-order kinetics. The apparent rate constants
are calculated to be 1.899 X 1072, 2.72 X 1072, and 3.86 X 1072
min™! for ZnS, In,S;, and ZnS@In,S;-2, respectively, which
demonstrates that the ZnS@In,S;-2 composite exhibits a
higher degradation rate for the pollutants. The real-time
ultraviolet—visible (UV—vis) absorption spectra of the EB
solution during the photocatalytic process with the ZnS@
In,S;-2 photocatalyst are shown in Figure 4c. It could be
observed that the intensity of the characteristic peak of EB at
514 nm decreases gradually. In the first 20 min, the intensity of
the characteristic peak decreases slightly, due to the relatively
weak adsorption ability of ZnS@In,S;-2. After exposure to
light irradiation for 100 min, the intensity of the peak
obviously decreases, which proves that EB is successfully
degraded in the presence of ZnS@In,S;-2 and H,0, under
light irradiation. During the whole photocatalytic degradation
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Scheme 2. Mechanism for the Photocatalytic Degradation of Dye Pollutants by the ZnS@In,S; Composite
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process, none of the extra peaks are formed, which might
demonstrate that there are no complicated organic impurities
generated. The cycle performance of ZnS@In,S;-2 as a
photocatalyst is also assessed, and the results are shown in
Figure 4d. After repetitive utilization for 5 cycles, there is no
significant loss in the photocatalytic efficiency for the
degradation of EB, which suggests that the ZnS@In,S;-2
composite exhibits ideal cycle performance and has the
potential for practical applications.

The results of the blank experiments are displayed in Figure
4e. According to the ZnS@In,S;-2 adsorption experiment
performed in the dark (curve I), ZnS@In,S;-2 reaches the
adsorption—desorption equilibrium within 20 min for the
adsorption of EB molecules. In addition, the degradation rate
of EB with the presence of ZnS@1In,S;-2 under light irradiation
is as high as over 90% (curve II), which indicates that ZnS@
In,S;-2 possesses excellent photocatalytic performance for the
removal of organic dyes. Moreover, utilizing H,0, individually
could achieve a relatively great degradation effect for EB under
light irradiation in 100 min (curve III). On the contrary, about
46.23% of EB could be eliminated with the presence of ZnS@
In,S;-2 and H,O, in the dark, which is much lower than that
performed under the simulated sunlight (curve IV). According
to Figure 4f, the apparent rate constants for the degradation of
EB with the presence of ZnS@In,S;-2 and H,0,, ZnS@In,S;-
2, and H,0, are 3.86 X 1072 2.90 X 1072}, and 2.98 x 1072
min ', respectively. It is obvious that although the degradation
rate is relatively high when H,0, is added individually, the
reaction rate is slower than the photocatalytic degradation
process. The results have indicated that ZnS@In,S;-2
possesses high photocatalytic performance.

The photocatalytic performance of ZnS@In,S;-2 has been
further evaluated via degradation of the mixed dye solution
composed of EB and RhB (EB-RhB). As shown in Figure Sa,
the real-time concentrations of EB-RhB, EB, and RhB solutions
are measured by UV—vis absorption spectroscopy. The
intensity of the characteristic absorption peak of EB at 514
nm and the peak of RhB at 552 nm for the mixed dye solution
and the single dye solution are quite weak after the
photocatalytic degradation process. According to Figure Sb,
it is clear that the absorption—desorption equilibrium could be
established after 20, 30, and 40 min for the EB solution, RhB
solution, and EB-RhB solution, respectively. As shown in
Figure Sc, the photocatalytic degradation efficiency for EB
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could reach 94.5% in the EB-RhB mixed solution after light
irradiation for 100 min, which is slightly lower than that in the
individual EB solution. In contrast, the degradation rate for
RhB is relatively higher in the EB-RhB solution than that in the
individual RhB solution. The kinetics of photocatalytic
degradation of EB-RhB, EB, and RhB is shown in Figure 5d.
It could be observed that the apparent rate constants have a
small difference, which indicates that utilizing ZnS@In,S;-2 as
the photocatalyst could achieve high efficiency and degradation
rate in both the individual and dual dye pollutant systems. The
photocatalytic stability of ZnS@In,S;-2 for the disposal of the
EB-RhB solution is also evaluated, and the results are shown in
Figure Sef. The degradation efficiencies for EB and RhB
decrease gradually and could maintain 73.83 and 85.42% in the
EB-RhB solution after repetitive utilization for five cycles. The
decreased photocatalytic degradation efficiency might be
mainly attributed to the mass loss during the recycling process.
The ion leaching from the ZnS@In,S;-2 photocatalyst during
the degradation process has been studied using the EDX
characterization, and the results are shown in Figure S3. It
could be found that the Zn, In, and S elements distribute
uniformly in the nanostructures after the photocatalytic
process for the degradation of EB or EB-RhB, which indicates
that the as-prepared photocatalysts exhibit great stability
during the degradation process. Moreover, after utilization
for the elimination of EB and EB-RhB, the content of the Zn
element in the composite reduces, indicating the Zn>* ions
leaching, and this might be one of the reasons for the
performance decrease of the photocatalyst during the repetitive
utilization process.

The mechanism for the photocatalytic degradation of EB
and RhB has been investigated and shown in Scheme 2. First,
the heterostructures of the ZnS@In,S; composites are
combined with a wide-band-gap material and a narrow-band-
gap material, which could effectively improve the light
utilization efliciency and facilitate the separation of the
photoexcited electron—hole pairs.*”*" During the photo-
catalytic degradation process, the semiconductors could absorb
the optical energy and generate photoexcited electrons and
holes in the conduction band (CB) and the valence band
(VB), respectively (eq 4).** The photoinduced holes existing
in the VB could directly oxidize organic molecules into
nontoxic products. Moreover, they are also able to react with
H,O to produce *OH radicals (eqs S and 6). Additionally, the
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oxidizing agents, H,O, and O,, dissolved in the solution could
scavenge the photogenerated electrons to form *OH and *O,~
radicals, respectively. Generally, *O,~ radicals are also capable
of reacting with H,0, to produce more *OH radicals (eqs 7, 8,
and 9). The two kinds of radicals could effectively degrade the
dye pollutants into inorganic and nontoxic products (eqs 10
and 11). As extra H,0, is added in this work, *OH radicals are
considered to play the main role in the degradation of EB and
RhB pollutants. The possible mechanism for the photocatalytic
degradation of dye molecules could be proposed as
follows: ***°

ZnS@In,S; + hv — h" + e~ (4)
h + dye — products (5)
h" + H,0 > OH + H' (6)
H,0, + ¢ — OH + OH™ (7)
O,+e - 0, (8)
'0,” + H,0, > OH™ + O, + OH ()
‘0,” + dye — products (10)
‘OH + dye — products (11)

3. CONCLUSIONS

In summary, ZnS@In,S; core—shell structures have been
successfully fabricated via a delicately designed process. The
unique heterostructures and the synergistic effects between the
composites have effectively optimized the charge transfer
behavior and the photocatalytic activity. The photocatalytic
degradation efficiency for EB could reach 98.55%, and after five
repetitive cycles, the efficiency nearly has no loss. In addition,
the as-prepared ZnS@In,S;-2 composite also possesses ideal
photocatalytic performance for the degradation of EB-RhB
mixed pollution, and the degradation efliciency is over 94%.
This study has provided a facile method for the controlled
synthesis of high-performance photocatalysts as well as their
performance modulation, and the ZnS@In,S; core—shell
structures prepared here have proved to be of great potential
for the disposal of organic pollutants.

4. EXPERIMENTAL SECTION

4.1. Materials. All of the reagents were of analytical grade
and used without further purification. The water used in this
work was ultrapure water.

4.2, Synthesis of the Photocatalyst. 4.2.1. Preparation
of ZnS Spheres. ZnS spheres were synthesized by a facile
solvothermal method. In a typical procedure, 3 mmol of
Zn(Ac),-2H,0 and 6 mmol of L-cysteine were dissolved in the
mixed solution of 10 mL of glycerin, 20 mL of triethanolamine,
and 38 mL of ultrapure water. Then, the mixture was stirred
for 10 min, and the basicity of the solution was adjusted by
adding 12 mL of ammonia water. Afterward, the homogeneous
solution was transferred into a 100 mL Teflon-lined stainless
steel autoclave and heated at 170 °C for 16 h. After air cooling
to room temperature, the white product was collected by
centrifugation, washed with ultrapure water and ethanol several
times to eliminate the impurities, and finally dried in a vacuum
oven at 60 °C for 24 h.
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4.2.2. Preparation of ZnS@In,S; Core—Shell Structures.
First, 0.56 mmol of the ZnS precursor was uniformly dispersed
in 40 mL of ultrapure water containing 0.16 mmol of citric
acid, and the solution was stirred continuously in a 60 °C water
bath for 2 h and then cooled down to room temperature.
Afterward, 20 mL of ultrapure water containing 0.28 mmol of
In(NO;);4.5H,0 was slowly added to the above ZnS
dispersion and stirred magnetically for 2 h at room
temperature. Subsequently, 20 mL of ultrapure water
containing 0.56 mmol of Na,S-9H,0 was added dropwise,
and the mixed solution was stirred at room temperature for
another 1 h. Finally, the above solution was transferred to a
100 mL Teflon-lined stainless steel autoclave and heated at
180 °C for 10 h. The forming precipitate was centrifuged and
washed with ultrapure water and ethanol several times and
then dried in a vacuum oven at 60 °C for 24 h to obtain the
ZnS@In,S; core—shell structures. To optimize the photo-
catalytic efficiency of the products, the ratio of the coated In,S;
was regulated. ZnS was fixed at 0.56 mmol, and the theoretical
molar ratio of ZnS to In,S; was adjusted to 1:0.25, 1:0.5, 1:1,
1:1.5, 1:2, and 1:3. The corresponding products were named
ZnS@In,S;-1, ZnS@In,S;-2, ZnS@In,S;-3, ZnS@In,S;-4,
ZnS@In,S;-5, and ZnS@In,S;-6, respectively.

4.2.3. Preparation of In,S; Nanopatrticles. To further
investigate the effects of the composition and structure on the
photocatalytic activity of the ZnS@In,S; composites, pure
In,S; was also synthesized according to the previous report.*’
First, 0.56 mmol of In(NO;);-4.5H,0 and 1.12 mmol of Na,S-
9H,0 were separately dissolved in 40 mL of ultrapure
water.*”** Then, Na,$-9H,0 solution was added gradually
into the In(NOj;);-4.5H,0O solution under stirring for 1 h, and
the mixed solution was loaded in a 100 mL Teflon-lined
autoclave and heated at 180 °C for 16 h. After air cooling to
room temperature, the In,S; nanoparticles were washed with
ultrapure water and ethanol several times and finally dried in a
vacuum oven at 60 °C.

4.3. Characterization. The crystalline structure of the
products was confirmed by the X-ray diffraction (XRD)
characterization conducted on an X-ray powder diffractometer
(Philips X’pert Pro Super) with Cu Ka radiation (4 =
0.154056 nm). The morphology and structure of the
photocatalysts were obtained by field emission scanning
electron microscopy (FESEM) at 20.0 kV on a JSM6510A
microscope and transmission electron microscopy (TEM) on a
JEM-2010 microscope. An X-ray energy-dispersive spectrom-
eter (EDX) was conducted on field emission scanning electron
microscopy (FEI Inspect FS0). X-ray photoelectron spectros-
copy (XPS) was performed on an ESCALAB 250Xi system.
The specific surface area of the samples was studied by N,
adsorption—desorption measurement (Beishide 3H-2000BET-
A). UV—vis diffuse reflectance spectra (DRS) were used to
investigate the optical properties of the photocatalysts,
recorded on a UV-2550 spectrophotometer. The photo-
luminescence (PL) emission spectra were performed on a
fluorescence spectrophotometer (FLS980). The electrochem-
ical impedance spectroscopy (EIS) was conducted on a CHI
760E electrochemical workstation in a classical three-electrode
system using Na,SO, aqueous solution (0.5 mol L™") as an
electrolyte.

4.4. Photocatalytic Experiment. The photocatalytic
properties of ZnS, In,S;, and ZnS@In,S; composites were
evaluated by the degradation of EB in aqueous solution under
simulated sunlight irradiation. At first, 0.05 g of the synthesized
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photocatalyst was dispersed in 100 mL of EB solution (50 mg
L") under stirring. Then, the solution was ultrasonically
dispersed for 10 min and continuously stirred for 10 min in the
dark, which would be beneficial for the complete dispersion of
the photocatalyst powder and the achievement of the
adsorption—desorption equilibrium between the catalyst and
the organic dye molecules. Additionally, a 300 W Xe lamp was
employed as the simulated sunlight source. Under magnetic
stirring, 1 mL of H,0, (30 wt %) was added to the above
solution, and at the same time, the photodegradation reaction
was induced by the irradiation of the Xe lamp placed 66 cm
away from the reactor. Finally, 1 mL of the solution was taken
out at an interval of 10 min, diluted to 6 mL with ultrapure
water, and centrifuged to remove the residual sample. The real-
time concentration of EB was indicated by a UV-—vis
absorption spectrometer at 514 nm. The absorbances of the
pure dye solution and the mixed solution right after the
achievement of the adsorption—desorption equilibrium were
also measured.

To further prove the excellent performance and the
application potential of the photocatalyst, the photocatalytic
activity was also evaluated by the degradation of the EB-RhB
mixed dye solution. First, 0.05 g of the photocatalyst was
added to 100 mL of the mixed solution containing 50 mL of
EB and 50 mL of RhB with an initial concentration of 50 mg
L. Then, the solution was stirred in the dark for 40 min to
ensure the uniform dispersion of the photocatalyst and to
reach the adsorption—desorption equilibrium. The rest of the
photocatalytic process was the same as the degradation of EB
mentioned above. The spectra of EB and RhB during the
photocatalytic degradation process were measured by a UV—
vis absorption spectrometer from 200 to 800 nm.
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