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Sccepies et In this study, zinc oxide nanoparticles were synthesized via a facile
Published online: hydrothermal and solvothermal method and were covered by zinc sulfate using
1T August 2023 a chemical approach forming ZnO@ZnS core-shell nanostructures. Different

techniques like XRD, BET, FESEM, PL, and UV-Vis spectroscopy as well as
© The Author(s)) under  photocatalytic activity of ZnO, ZnS, and ZnO@ZnS results were investigated to
exclusive licence to Springer  confirm the nanostructure and homogeneous distribution of particles inside the
Science+Business Media, LLC, matrix. In addition, the scavenger study indicates that all charge carriers and
part of Springer Nature 2023 reactive radicals contribute by roughly close extent, which explains the observed
increase in the rate of degradation. The photocatalytic activity was evaluated
under UV light toward MO and RhB dyes. For degrading MO solution under
UV irradiation, it is found that both the photocatalytic performances of
ZnO@ZnS are much higher (98.6%) than those of pure ZnO (54%). The photo-
catalytic mechanism under UV light irradiation was proposed. The complex
ZnO@ZnS nanocable provide a facile, low cost, high surface-to-volume ratio,
high photocatalytic efficiency, and high reusability, which shall be also
promising in many related areas, such as solar energy conversion, water split-
ting, and energy storage.

1 Introduction agriculture. Modern human activity has however

polluted the water a lot. Toxic chemicals and harmful
Water is a fundamental requirement of life. The  microorganisms are present in most natural drinking
availability of fresh water is crucial for life-sustaining ~ water supplies. According to the World Health
activities, like drinking, cooking, cleaning, and Organization, there are around 4 billion instances of
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water-related disorders recorded each year [1]. Water
contamination from leftover colors from many
industries is a big problem nowadays. Many different
organic contaminants have been transported into
natural water resources [2-5] due to human activities,
such as the textile, paper, plum, dye, pharmaceutical,
sunburn, craft, and whitening sectors. Since these
contaminants are poisonous to living things, they
must be eliminated before being released into the
environment. The study of disinfectant processes is
now vital to the survival of the human species.
Physical and chemical methods, such as chlorination,
coronation, and UV treatment, are presently used to
cleanse water [6, 7]. Recently, it has come to light that
nanotechnology may be used in the extraction of
minute contaminants from wastewater [8-11]. In
compared to more traditional methods, heteroge-
neous photocatalysis is presently being regarded a
potential strategy for water purification. Toxic
chemical compounds with long chains may be
cleaved into smaller, less dangerous pieces. Photo-
catalysts with a nanostructure have a high surface-to-
volume ratio, which means they can absorb more of
the molecules of interest. It provided a viable strategy
for eliminating dye pollution in water treatment
facilities [12].

In recent years, not only has ZnO benefited from
impurity loading but also from surface enhancement,
allowing for the development of several unique
characteristics [13]. ZnO plus a different semicon-
ductor may generate a heterostructure that exhibits a
powerful photoelectric effect in solar cells [14, 15].
Many researchers are interested in using ZnS with a
broad band gap as a photocatalyst, photoconductor,
optical detector, or electroluminescent substance [16].
The band gap of ZnS (3.51 eV) is very close to ZnO
(3.45 eV), and theoretical calculations and experi-
mental results have demonstrated that the combina-
tion of these two semiconductors could yield a novel
composite with the photoexcitation threshold energy
lower than those of the individual components [17].
Nanoring, biaxial nanowire, and saw-like nanos-
tructure ZnO/ZnS core/shell composites have all
been described so far. Moreover, the ZnS/ZnO core-
shell structures have been favorable for increasing
the photocatalytic property for example, For exam-
ple, Chin-Chi Cheng et al. [18] fabricated ZnO/ZnS
core-shell nanostructure by facile hydrothermal
method for optoelectronic applications. Taher Ghrib
et al. synthesize ZnO/ZnS core—shell nanowires by
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electrodeposition method for catalytic applications
[19]. In this paper, a novel spherical ZnO/ZnS core/
shell particle structure was obtained after sulfurizing
ZnO spheres by a NayS solution under the
hydrothermal condition. The pure spherical ZnO
particles were firstly synthesized via a simple mild
solvothermal approach by the assistance of diethy-
lene glycol. Then, the partial ZnO molecules on the
surface of the ZnO spheres were converted to ZnS
molecules with the presence of S*~ ions under the
hydrothermal condition and finally a ZnS shell
structure was formed over the surface of ZnO
spheres. More importantly, the hydrothermal route is
one of the best and well-known synthesis methods of
nanoparticles. This method is highly efficient and
economical and particle size can be controlled easily
by varying experimental conditions like (tempera-
ture, pressure, and time). The prepared samples were
then characterized using XRD, SEM, EDX, DRS, and
PL to investigate their improved structural, optical,
and morphological properties. The photocatalytic
activity of the ZnO/ZnS core/shell composite was
evaluated by monitoring MO and RhB degradation as
the probe reaction. The results demonstrate that
ZnO@ZnS core-shell nanoparticles showed out-
standing degradation, higher kinetic rate, and long-
term stability. The improved photocatalytic mecha-
nism was also discussed. Moreover, the complex
ZnO/ZnS core-shell nanoparticles provide a facile,
low cost, high surface-to-volume ratio, high photo-
catalytic efficiency, and high reusability, which shall
be also promising in many related areas, such as solar
energy conversion, water splitting, and energy
storage.

2 Experimental section
2.1 Preparation of ZnO spheres

The synthesis procedure is as follows: Zn(CHj;.
CO0),2H, 0 (3 mmol) was submerged in DEG
(10 mL) at 85 °C for 2 h while being vigorously stir-
red. The pH of the solution was found to be 6.5,
which is measured using digital pH meter. After
being mixed, the aforesaid ingredients were placed
into a Teflon-lined autoclave, heated to 100 °C for
12 h, and then allowed to cool to ambient tempera-
ture. After that, the ethanol and distilled water were
used to wash and filter the residue. Pure spherical
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ZnO particles were produced after drying the pre-
cipitate under vacuum at 60 °C for 3 h.

2.2 Synthesis of ZnO/ZnS core/shell
particles

The obtained spherical ZnO sample as the template
was added into a Na,S solution and then vigorously
stirred for 20 min. The mixed solution was placed in
an autoclave coated with Teflon and heated to 160 °C
for 8 h. Centrifugation is then used to separate the
results (ZnO/ZnS core/shell precipitates), which
were subsequently rinsed in ethanol and deionized
water before being dried at 60 °C under vacuum for
3 h.

2.3 Characterization techniques

To identify the crystal structure, X-ray diffraction
studies were carried out using PANalytical X-ray
diffractometer with nickel-filtered CuKa (30 kV,
30 mA). The surface morphology of the samples was
studied using scanning electron microscopy (SEM;
S-4100, Hitachi). The Fourier transform infrared
spectroscopy (FTIR) of the materials was carried out
using Fourier transform infrared spectrometer (FTIR,
Nexus 670). The X-ray photoelectron spectroscopy
spectra (XPS) of ZnO/ZnS core/shell particles were
recorded via Thermo ESCALAB 250 at room tem-
perature. Photoadsorption spectra of catalysts were
tested by UV-Vis diffuse reflectance spectroscopy
(DRS Hitachi UV-3600). Photoluminescence spectra
(PL) of CdS-DETA-based samples were tested with
FLS920 fluorescence lifetime and steady-state spec-
trometer. Specific surface area values (SBET) were
tested with ASAP2020 instrument. X-ray photoelec-
tron spectroscopy (XPS) analyses were obtained on
X-ray Photoelectron Spectrometer (ESCALAB 250XI).

2.4 Photocatalytic set-up

The degradation of methylene blue (MB) and rho-
damine B (RhB) solutions was used to evaluate the
photocatalytic activity of complex ZnO/ZnS. For the
photocatalytic activity evaluation, the concentration
of photodegraded dye solution was recorded by a
Hitachi U-2900 UV-Vis spectroscopy. Photocatalytic
experiments were carried out in aqueous solution of
MO and RhB employing a UVA emitting lamp
(365 nm, Spectroline ENF-260) at dyes natural pH. A
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5-mL portion of 1 x 107> M MO was placed in a
quartz cell containing glass material (2 pieces,
approximately 1 cm x 1 cm). Special attention was
paid for contacting the dye solution and UV light
with glass surface and solutions were shaken con-
tinuously. The absorption of MB at 664 nm (UV-Vis
Dr. Lange CADAS 200 Spectrometer) was monitored
over 60 min in the presence and absence of light or
glass material. At regular intervals of irradiation,
aliquots of 2 mL were sampled and then absorption
was measured in terms of change in intensity at
664 nm. The decolorization and photocatalytic
degradation efficiency have been calculated as Effi-
ciency (n) = C — Cp/C x 100, where Cy and C cor-
respond to the initial and final concentration of dye
before and after photo-irradiation. The schematic
representation of the photocatalytic set-up is shown
in Fig. 1a.

3 Results and discussion
3.1 XRD analysis

The XRD patterns of the pure ZnO NPs and the
ZnO@ZnS are shown in Fig. 1b. For the ZnO NPs, the
peaks can be indexed to the known hexagonal
wurtzite structure of ZnO with lattice constants of
a=b=3250 A and c=5207 A (JCPDF: 36-1451)
and the sample is quite pure and no peaks of other
ZnO phases were observed. It is possible that the
ZnO NPs in ZnO@ZnS have been coated with a dif-
ferent substance, since the amplitude of the ZnO NPs’
peaks is lower than that of pure ZnO NPs. In addi-
tion, the ZnS (JCPDF: 50-566) broad peak at 29.12°
may be indicative of ZnS coatings on ZnO NPs. In
addition, the diffraction peak of the ZnS (111) plane is
much higher intense, suggesting that the ZnS
nanoparticles created using the hydrothermal process
are high crystalline nature. The average crystalline
size is calculated from Debye-Scherrer’s formula:

K
~ PcosO’

where d is the mean crystallite size, K is the shape
factor taken as 0.89, 1 is the wavelength of the inci-
dent beam, f is the full-width at half-maximum and 0
is the Bragg angle. The average crystalline size was
found as 19 nm, 26 nm, and 33 nm for pure ZnO,
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Fig. 1 a Schematic representation of the photocatalytic set-up; b powder XRD pattern; and ¢ crystal structure of ZnO

ZnS, and ZnO/ZnS composites, respectively. Fig-
ure 1c also shows the ZnO crystal structure.

3.2 Morphological analysis

The spherical ZnO and ZnO/ZnS core/shell particles
produced are illustrated in Fig. 2 using SEM and
TEM pictures. It is thought that the smooth and
flawless spherical shape of pure ZnO particles played
a crucial role in the creation of ZnO spheres using the
solvothermal method (Fig. 2a). Nonetheless, as can
be seen from the SEM image of the ZnO/ZnS core/
shell framework shown in Fig. 2b, the rough exterior
of the sample indicates that some of the ZnO
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molecules on the surface of the ZnO spheres have
been converted to ZnS particles in the presence of S,
ions under hydrothermal condition, ultimately
forming ZnS shell structure. The TEM picture
(Fig. 2¢) also shows the core-shell nanoparticles in
clear. In addition, as can be seen in Fig. 2d, ZnO NPs
are really coated with ZnS, as shown by the HRTEM
picture of the ZnO/ZnS. Furthermore, the compara-
ble SAED pattern shows that the material is single
crystallized and contains brilliant spots (Fig. 2e). The
elemental mapping picture (Fig. 2f) also revealed the
core-shell structure of ZnO/ZnS. Both ZnO and ZnS
have the same atomic concentration of Zn. Therefore,
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Fig. 2 SEM images of a ZnO and b ZnO/ZnS; TEM image of ¢ ZnO/ZnS; d HRTEM image of ZnO/ZnS; e SAED pattern of ZnO/ZnS;

f elemental mapping of ZnO/ZnS

the distribution of sulfur and oxygen is crucial to tell
ZnO apart from ZnS.

3.3 FTIR spectra analysis

Figure 3a displays the FTIR spectra obtained from
ZnO, ZnS, and ZnO/ZnS composite materials. The
unique vibration of ZnO [20] is explained by the
fingerprint area peaks about 500 and 650 cm ™' shown
in Fig. 3a (except for ZnS). The stretching vibration of
ZnS is represented by the peaks shown in Fig. 1
between 560 and 690 cm ™' (with the exception of the
ZnO peak). The peaks for ZnO and ZnS can be seen
coexisting in the FTIR spectra of the composite sam-
ples (Fig. 3a). This finding allows us to verify that
hetero-structured ZnO and ZnS are really formed in
the synthesized ZnO/ZnS nanoparticles [21]. The
hydroxyl (OH) group vibration is responsible for the
peak at 2800-3400 cm ™!, whereas the peaks between
1500-1650 cm™" and at 2370 cm ™' are due to C = O
[22].

3.4 Optical studies

In order to determine the wavelength spectrum of the
chosen materials, it is crucial to measure the band

gap energy. In Fig. 3b, one can see the absorbance
spectra of ZnS, ZnO, and ZnO/ZnS. The acquired
findings show that light excitation across the energy
spectrum accounts for the red shift to longer wave-
lengths seen at the band edge, from about
200-300 nm for ZnO to around 400-500 nm for ZnO/
ZnS. From these spectra optical band gap energy (E)
was calculated using Kubelka—Munk equation, which
is described by F(R,)=K/S=(—R,)*/2R,,
where R., = Reample/ Rstandara 18 the reflectance of an
infinitely thick specimen, while K and S are the
absorption and scattering coefficients, respectively.
FR..). hv)* = A (hv— E;). The variation of F(R..). hv)?
versus hv was plotted and the straight line range of
these plots is extended on the x-axis (hv) to obtain the
values of optical band gap (E,). Band gap energies of
all the samples were estimated using the plot of
F(R..). hv)* versus photon energy (hv) (Kubelka—
Munk equation). In addition, as shown in Fig. 3c, the
band gap energy (Eg) is determined to be 3.81 eV for
pure ZnS, 3.43 eV for ZnO, and 3.12 eV for ZnO/ZnS
using the Tauc diagram [23]. On the contrary toge-
ther, a large electron-hole spacing lengthens the
duration of photocatalytic processes used to oxidize
organic dyes [24]. When the light fall on the semi-
conductors materials the charge separation occurred

@ Springer
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Fig. 3 a FTIR spectra of photocatalyst samples; b UV—Vis absorption spectra; ¢ band gap plot; d room-temperature PL spectra of all the

photocatalysts with excitation wavelength of 290 nm

and the recombination between the charge carriers
induced photoluminescence signals and photolumi-
nescence (PL) spectrum of the pure ZnO spheres, ZnS
spheres, and ZnO/ZnS core/shell samples in ethanol
suspension by excitation at 290 nm. Pure ZnO
spheres have two faint PL peaks at 379 nm and
484 nm, as seen in Fig. 3d. The PL spectra of ZnO/
ZnS core/shell material, nevertheless show a dimin-
ished PL peak at 364 nm and a faint peak at the
original location of ZnO after interacting with Na25.
One of the PL peaks of ZnO/ZnS is redshifted from
its pure ZnO counterpart and its intensity is much
lower and more diffuse than that of pure ZnO. The
strong association between zinc sulfide and zinc
oxide nanoparticles was further confirmed by the fact
that the presence of ZnO nanoparticles over ZnS in
the (ZnO/ZnS) nanocomposites sample inhibited the
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photoluminescence of ZnO peaks). Moreover, the
decrease in PL emission intensity denoted the sup-
pression of the recombination process of electron—
hole pair. In our case, the emission intensity was
significantly decreased for ZnO/ZnS core/shell
sample. This could be due to the effective suppres-
sion of electron-hole recombination process and it
can have positive influence in the improvement of
charge transfer process and improve the photocat-
alytic activity.

3.5 Surface area and elemental
composition analysis

ZnO and ZnO/ZnS pore size and N, adsorption—
desorption data were obtained. Features of a meso-
porous structure were reflected in the isotherm,
which had a type IV curve [25-27]. Figure 4a shows
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that the BET specific surface area of ZnO was
97.6 m°g~!, whereas that of ZnO/ZnS was
116.9 m*g~". The results showed a positive correla-
tion between the additional sulfur source and the
particular surface area. Thus, the amount of ZnS
particles determined how large the specific surface
area would be. The obtained pore size (Fig. 4b) for
ZnO was 32.4 nm, whereas for ZnO/ZnS, it was
44.5 nm. The photocatalyst can break down the dye
solution in the presence of UV light because of its
large specific area of surface, which allows for addi-
tional surface reaction sites. The high specific surface
area increases the contact between the reactant solu-
tion and the photocatalyst, which provides more
surface reaction sites to degrade the dye solution
under UV light. Moreover, the porous structure thus
reduce the local ZnO aggregate, which can signifi-
cantly improve catalytic efficiency. XPS analysis was
used to determine the surface elemental composition
and binding energy state of the produced ZnO/ZnS.
The presence of Zn, O, and S elements in the ZnO/
ZnS sample is confirmed by a full-survey scan the
spectrum, as shown in Fig. 4c. Zn 2p;,, and Zn 2p; >
were attributed to the two largest peaks in the Zn
spectra (Fig. 4d) at 1021.6 and 1044.5 eV, respectively
[28]. Figure 4e shows that the binding energy of S 2p
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may be measured to be 163.2 eV. The Zn-S bond was
found to have a binding energy of 163.2 eV [29].
Possibly as a result of chemisorbed oxygen (OCh) in
the ZnO sample, the O spectra in Fig. 4f were cap-
tured at 533.4 eV.

3.6 Photocatalytic studies

Photodegradation of MB and RhB in an aqueous
solution under 10-W exposure to ultraviolet (UV) is
used to compare the photocatalytic capabilities of
ZnO and ZnO/ZnS core-shell nanocomposite pho-
tocatalyst. Absorption spectra (Fig. 5a-d) for MB and
RhB solutions in ZnO and ZnO/ZnS photocatalysts.
To track the catalytic decomposition process, we
decided to use the MB (664 nm) and RhB (554 nm)
distinctive absorption peaks. Since the exposure
duration is increasing, the absorption peaks are
becoming progressively weaker. This finding sug-
gests that UV light irradiation in the presence of
ZnO/ZnS leads to the progressive degradation of MB
and RhB. Absorption spectra show that ZnO/ZnS
photocatalysts are more effective than ZnO in
degrading MB, suggesting that these materials have a
greater photocatalytic activity. Over a ZnO/ZnS
system, the rate at which MB and RhB degraded over
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time was determined. Figure 6a and b shows the
temporal degradation profile of MB and RhB under
UV light. To keep the catalyst concentration at 1
gqu, we added ZnS, ZnO, and ZnO/ZnS samples
to a 10-M solution of MB and RhB in DI water. After
30 min of supersonic stirring in the dark, there was
no significant change in the dye/catalyst solution
combination, indicating that equilibrium adsorption
had been achieved. For 60 min, both pure ZnO and
ZnO/ZnS heterostructures were subjected to the
same environment. The concentrations of MB and
RhB before and after irradiation are denoted by Cj
and C, respectively; the deterioration efficiency,
C/Cy, of synthetically produced samples. Degrada-
tion of the MB dye molecules has been seen as a
general fading of the dyes hue. We observed that
after 60 min, 99.5% of the MB dye is destroyed in the
ZnO/ZnS heterostructures of sample C, whereas
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only 34.5% is degraded in pure ZnO. In a similar
way, 28.2% and 87.5% were determined to be the
efficiencies of RhB degradation. The photocatalytic
activity has been significantly enhanced in ZnO/ZnS
heterostructures produced by solution of high sulfur,
as shown by the findings. All of the photocatalyst
samples are shown in Fig. 6c and d, plotted as
—InCyye/Cayeo of MB and RhB vs. irradiation period.
It is evident from the graphs that in both instances the
elimination of the dye level follows a linear pattern in
this coordinate. Dye removal kinetics of pseudo-first
order is shown to be sufficiently fast for both MB and
RhB dyes. According to the kinetic data, the ZnO/
ZnS photocatalyst degrades MB much more quickly
than bare ZnO (0.0231 min~"). RhB dye rate constants
of 0.1139 and 0.6512 min~', respectively, were also
determined, demonstrating optimal photocatalytic
activity. Table 1 displays the photocatalytic variables.
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Stability and reproducibility are important para-
meters in the practical device applications of ZnO/
ZnS photocatalysts. Therefore, it is necessary to
investigate the stability and reusability of the photo-
catalyst by performing recycling reactions ten times
for the photodegradation of MB and RhB solution
under UV light irradiation. The 5-mM complex ZnO/
ZnS can be used evaluate the reusability of MB
solution for ten cycles, as shown in Fig. 7a and b. The
dye solutions with the ZnO/ZnS photocatalyst was
illuminated under UV light for 3 h, this substrate was
rinsed with deionized water to remove the residual
MB solution, and dried under a N, purge. After ten
cycles, the composite photocatalyst maintains the
higher reusability of 94.4%. Dye solution pH has a
significant impact on degradation rate. Adjusting the
solution’s pH was shown to hasten the breakdown
process, but only up to a point. The pH 7.5 was
shown to be the sweet spot for both MB and RhB.

Above this optimal threshold, the rate of photocat-
alytic degradation slowed down (Fig. 7c and d). The
lowest basic pH range was shown to be optimal for
MB and RhB breakdown. The effects of MB and RhB
dyes at levels ranging from 0.4 to 1.4 x 10° M on the
rate of photocatalytic degradation were studied. It
was shown that a higher concentration of dye resul-
ted in a faster rate of photocatalytic breakdown. This
trend may be defined by the fact that a rise in dye
concentration made more dye molecules accessible
for excitation and energy transmission, leading to a
dramatic acceleration in the rate of photocatalytic
degradation [30-33]. Under reaction conditions
(100 ml of 2 x 10° (mol/L), 0.2 g of the sample/
100 ml of dye and irradiation time 60 min), holes,
hydroxyl radicals, electrons, and superoxide radicals
were monitored using KI, isopropanol (IP), silver
nitrate (AgN), and benzoquinone (BQ) on pure ZnO
and ZnO@ZnS. Figure 8a and b displays the resulting
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Table 1 Photocatalytic activity parameters of ZnS, ZnO, and ZnO/ZnS composite samples

Samples Rate constant of MB Rate constant of RhB MB degradation efficiency (%) RhB degradation efficiency (%)
Kh ) min~' R? Kh ) min~' R?

ZnO 0.0031 0.997 0.1139 0.999 345 28.2

ZnS 0.0021 0.987 0.1098 0981 278 26.5

ZSM-5/Zn0  0.9541 0.985 0.6512 0.988 99.5 88.5
a) I znO [ Zno/Zns b) B 20O [ ZnO/ZnS

%
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Fig. 7 The reusability test of the complex ZnO/ZnS core—shell
under UV light irradiation. a MB and b RhB using ZnO/ZnS
photocatalyst test under UV light exposure; effect of various

graph. In contrast to other scavengers, the addition of
KI considerably increased the photodegradation
percentage of MB and RhB. Therefore, the findings
indicate that HO radicals could favorably affect the
photodegradation of both dyes when exposed to UV
radiation. A CHI 660B electrochemical workstation
was used to test the samples’ photocurrent. Here, we
employed a three-electrode set-up consisting of a

@ Springer

700

&

g, ‘_
fVlB remmIa] (% )

0,
e, w N
d)
2
) N
8- o
F 164 o
H N
o 144 —0
- "]
;; 1.24 /
[*]
1.04 /
/0
08 @
0.2 0.4 0.6 0.8 1.0 12 14
MB x 10° M

scavengers on the photocatalytic activity ¢ MB and d RhB using
ZnO/ZnS photocatalyst under UV light irradiation

reference Ag/AgCl electrode, a counter Pt sheet, and
a working FTO glass covered with various samples. It
was found, as shown in Fig. 8c, that the photocurrent
response signals of ZnO and ZnS were lesser, while
the photocurrent signal of ZnO/ZnS photocatalysts
were greater during the investigation of the photo-
catalytic mechanism of ZnO/ZnS. More photogen-
erated carriers may be formed over the ZnO/ZnS
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Fig. 8 Scavenger studies of ZnO/ZnS using a MB and b RhB
under UV light. ¢ The photocurrent response curve of ZnO, ZnS,
and ZnO/ZnS photocatalyst, respectively, during ten on—off cycles

photocatalyst under illumination, as shown by the
ZnO/ZnS’s maximum photocurrent intensity (9.3
A cm™") compared to ZnO (2.3 A cm™") and ZnS (1.2
A cm™') [34]. In addition, as can be seen in Fig. 8d,
the photocurrent density did not change much with
time for any of the particles up to 325 s, with the
greatest values being seen for the ZnO/ZnS photo-
catalyst particles. The aforesaid photocatalytic find-
ings are consistent with the ZnO/ZnS photocatalyst’s
ability to efficiently boost the migration rate of car-
riers and cause it to demonstrate greater photocat-
alytic activity. As a whole, the data points to a strong
photocatalytic efficiency and electrochemical perfor-
mance for the ZnO/ZnS composite photocatalyst.
Table 2 summarizes the findings from this study,
which show that the degradation efficiency achieved
here is greater than that seen in previously published
research [35—40]. From M-S plot in Fig. 9a, it reveals
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that both ZnO and ZnS primarily exhibit positive M-
S plot slopes, featuring n-type semiconductors. The
plots were extrapolated to 1/C* =0 to project the
value of Eg, giving — 0.66 V and — 0.62 V for ZnS
and ZnO, respectively. It implies an approximately
40-mV positive shift of flat band potential, which
corresponds to a decrease in bending of the band
edge, and therefore promotes interfacial charge
transfer [41]. It is also observed that ZnO has a gen-
tler slope than that of ZnS, representing higher
charge carrier density as compared to bare ZnS. This
result is attributed to the additional donor level and
higher intrinsic carrier density, which leads ZnO to
have improved photo-activated capabilities, thereby
absorbing more photon and resulting in higher pho-
togenerated charge carriers. Band structures of the
samples provide insight into the process of photo-
catalysis in ZnO/ZnS heterostructures (Fig. 9b). The
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Table 2 A comparison of photodegradation of MB between the present work and already reported ZnO-based materials

Catalyst Light source Experimental conditions for Efficiency References
photodegradation (%)
ZnO@ZnS dumbbell Solar simulator Catalyst: 400 mg/L 943 [35]
graphene (intensity = 80 lux) MB: 3.2 mg/L
Philips 18 W/54 1M7
Zn0@G Intensity = 14.5 W/m? Catalyst: 10 mg/L 41.1 [36]
40 W MB: 3.2 mg/L
ZnS@ZnO sheets 1.2 mW/em? Catalyst: 500 mg/L 83.1 [37]
1 > 400 nm MB: 10 mg/
RGO/ZnO@ZIF-8 300W Xe lamp Catalyst: 1 g/L 82.1 [38]
1 > 420 nm MB: 10 mg/L
Cu-ZnO Sun light Catalyst: 1 g/L 90.1 [39]
MB: 0.3 mg/L
ZnO@ZnS Sun light Catalyst: 1 g/ 93.5 [40]
MB: 0.3 mg/L
ZnO/ZnS Intensity = 14.5 W/m? Catalyst: 10 mg/L 98.5 This work
40 W MB: 10 mg/L
a) b)
18
—e—2Zn0
15 Zns Reduction site
~ -4.5=
VE °2f 0 __ ===
8 ! -5.0
;‘ 9 -5.5 =
=)
= -6.0 —f
o 6
o 6.5 —
—
31 7.0 =
0 . . -7.5 =
-0.85 -0.75 -0.65 -0.55 045 = peeme—————
Potential vs. SCE (V) o0

Fig. 9 a Mott—Schottky plots. b Schematics for the electron and hole transfer in the ZnO/ZnS heterostructures under UV light exposure

creation of the ZnS shell has shifted the absorption
spectra of the ZnO core to the red. This indicates the
production of a type II photocatalytic heterostructure.
The resulting band gap is less than that of conven-
tional core-shell composites. Both ZnO and ZnS
undergo photoexcitation, a process in which elec-
trons in the valence band (VB) move into the con-
duction band (CB). Excited electrons go from CB
(ZnS) to VB (ZnO), whereas newly formed holes
move in the opposite direction, from VB (ZnO) to CB

@ Springer

(ZnS). Recombination of electron-hole pairs in the
heterostructure is slowed as a result of this transfer
process due to the increased separation between
electrons and holes. Photogenerated electrons and
holes in the semiconductor react with surface-ad-
sorbed water molecules, releasing reactive oxygen
species. Adsorbed oxygen reacts with the free elec-
trons in CB (ZnO) to form the reactive oxygen spe-
cies, -O,. The adsorbed H,O molecules react with the
holes in VB (ZnS), creating OH- species in the
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solution. These OH- and -O, species, which are highly
oxidative and reductive, respectively, break down the
MB molecules into less stable forms, such as water
and carbon dioxide. This means the heterostructure is
more effective at resisting photodeterioration than
either ZnO or ZnS alone.

4 Conclusion

In this study, pure ZnO and ZnS nanoparticles as well
as ZnO@ZnS core-shell nanocomposites were syn-
thesized by facile hydrothermal method without
using any surfactants. Absorbance and PL analysis
reveal a remarkable reduction in the band gap energy,
limiting the recombination of the charge carriers
which in turns leads to increase in the oxidizing
power of ZnO/ZnS nanocomposites. The incorpora-
tion of ZnO to the surface of ZnS leads to stabilizing
zinc oxide particles to decrease the electron-hole pair
recombination rate. These results clearly show that
the composite ZnO/ZnS showed better activity as
compared to individual ZnO and ZnS. The ZnO/ZnS
photocatalyst exhibits higher photodegradation
(99.5%), high rate constant (0.8761 min 1), and desir-
able stability (loss only 2.9%). ZnO/ZnS photocata-
lysts were stronger. The ZnO/ZnS showed the
highest photocurrent intensity (9.3 pA cm™"), which
was 4.2 times and 7.5 times than that of ZnO
(23 pA cm™) and ZnS (1.2 pA cm™!), respectively.
Photogenerated holes and hydroxyl radicals play a
predominant role in dye degradation over ZnO@ZnS
nanocomposites. It is expected that the novel photo-
catalyst which synthesized by simple method and low
costs would provide great impetus to the industrial-
ization of photocatalysts.
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