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substrates via a hydrothermal method
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A distinctive novel ZnO/ZnS core–shell structure on silicon was reported in this study. Compared with

previous studies, ZnO nanorods encapsulated by 5 nm ZnS nanograins were observed using a scanning

electron microscope. Furthermore, strong (111) cubic ZnS crystalline structures were confirmed using

high resolution transmission electron microscopy, selected area diffraction, and X-ray diffraction. The

optical properties changed and the antibacterial behaviors were suppressed as the ZnS shells were

attached onto the ZnO nanorods. Moreover, the results also indicate that the hydrophobicity could be

enhanced as more ZnS nanograins were wrapped onto the ZnO nanorods. The ZnO/ZnS core–shell

structures in this research show promise for use in future optoelectronic and biomedical applications.
1. Introduction

Owing to the wide direct bandgap properties of ZnS and ZnO
compound materials,1 nanostructures formed by ZnO and ZnS
have drawn signicant attention for their distinctive short
wavelength optical applications and special catalyst proper-
ties.2–4 Recently, nanogeometries incorporating ZnS and ZnO
with various geometric designs including nanorods,5,6 nano-
particles,7 hollow structures,8 core–shell structures,9–12 and
Janus structures have been intensively studied.13,14 Among these
nanostructures, ZnO/ZnS core–shell structures have attracted
special attention because of their distinguished optical, piezo-
electric15 and gas sensing16 properties caused by their distinctive
ZnO/ZnS band diagrams and interfaces.17,18 Moreover, ZnO/ZnS
core–shell structures can be synthesized via simple, low cost,
fast fabrication and eco-friendly methods.16,19 For the afore-
mentioned applications, ZnO/ZnS nanostructures have been
deposited on various substrates such as ITO,20 GaN,18 and
silicon substrates.21 Among these substrates, ZnO/ZnS on
silicon substrates have the potential for future integration with
silicon-based electronics or silicon-photonics. So far, some
researchers have successfully formed these ZnO/ZnS nano-
structures on silicon substrates, for example, Zhang et al.
fabricated ZnS nanoforests/ZnO nanorods on silicon.22
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In addition, Kumarakuru et al. synthesized a uniform ZnS
shell coating on ZnO nanorods.23 Modulating or tuning ZnS
morphologies and material properties on ZnO nanorods may be
useful for optimizing ZnO/ZnS-based nanodevices for future
applications. Therefore, designing novel distinctive nano-
structures for future potential utilization is worthwhile. In this
study, 5 nm grain-like ZnS shells were formed and attached onto
ZnO nanorods. In order to characterize the ZnO/ZnS nano-
structures, several measuring instruments and testing technolo-
gies, such as eld-emission scanning electron microscopy
(FESEM), atomic force microscopy (AFM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), selected area diffrac-
tion (SAED), energy dispersive spectroscopy (EDS), photo-
luminescence (PL) spectroscopy, contact angle measurement and
OD 600 tests, were utilized. The results indicate that the ZnO/ZnS
nanostructures on silicon substrates with special morphologies
and material properties are promising for future use in opto-
electronic,10,24–27 biomedical,28–30 and catalytic applications.31,32
2. Experiments

To synthesise grain-like ZnS on ZnO/Si structures, silicon wafers
were rst cut into 2 cm � 2 cm substrates. Then, the silicon
substrates were cleansed using the regular radio corporation of
America (RCA) cleaning process. The ZnO seed layer was spin
coated onto the silicon substrates with a lab-made solution.
Then, ZnO nanorods were grown hydrothermally on the silicon
substrates at 80 �C for one hour. The details of the solution and
procedures can be seen in our previous works.21,33,34 Aer the
cleaning and drying processes, the silicon substrates coated
with ZnO nanorods were placed in a solution containing 0.05 M
sulde nanohydrate at 70 �C for 0, 5, 10, 20, and 30 minutes to
RSC Adv., 2018, 8, 26341–26348 | 26341
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form ZnO/ZnS structures on silicon. To characterize the ZnO/
ZnS nanostructures, eld-emission scanning electron micros-
copy (FESEM) and atomic force microscopy (AFM) were used to
examine the surface morphologies. A transmission electron
microscope (TEM) was used to observe the nanoshapes of ZnS
on the ZnO nanorods. The crystallinity was analyzed using X-ray
diffraction (XRD) and selected area diffraction (SAED). The
element compositions in various locations were examined using
energy dispersive spectroscopy (EDS). Furthermore, the optical,
hydrophobic, and antibacterial properties were evaluated using
photoluminescence (PL) spectroscopy, contact angle measure-
ment, and OD 600 tests. The OD 600 test indicates the optical
density of a sample measured at a wavelength of 600 nm. It is
a common method for estimating the concentration of bacteria
or other cells in a liquid. In this study, ZnO/ZnS nanostructures
from various sulfurizing periods were bathed in bottles with
Escherichia coli solution for 225 minutes. Then, the absorbance
rate of the samples with respect to a light wavelength of 600 nm
were measured using a photoelectric colorimeter.
Fig. 1 FESEM images of the ZnO/ZnS core–shell nanostructures synthesi
min. Enlarged FESEM images of (f) ZnO nanorods without a shell and (g)

26342 | RSC Adv., 2018, 8, 26341–26348
3. Results and discussion

To examine the surface morphologies of the ZnO/ZnS core–shell
structures, FESEM was used to observe the ZnS nanograins on
the ZnO nanorods from the various sulfurization times of 0, 5,
10, 20 and 30 minutes, the results of which are shown in
Fig. 1(a), (b), (c), (d) and (e), respectively. FESEM images with
enlarged magnication rates are shown as the insets in the top-
right of the these images. In Fig. 1(a), well-grown and densely
populated ZnO nanorods with diameters around 40 nm can be
observed. Aer the ZnO nanorods were sulfurized in a Na2S
solution, ZnO/ZnS core–shell structures were formed and the
surface of the nanorods became rougher. As the sulfurization
time increased to 5 and 10minutes, the ZnS nanograins became
more apparent on the images. However, as the sulfurization
time increased from 10 to 20 or 30 minutes, the surface of the
ZnO nanorods became smoother again, as shown in Fig. 1(d)
and (e). Therefore, the optimal sulfurization time to form ZnO/
zed following sulfurization periods of (a) 0, (b) 5, (c) 10, (d) 20 and (e) 30
ZnO nanorods with a ZnS shell.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Schematic illustration of (a) heterostructured ZnO/ZnS nanoforest structures, (b) ZnS-coated ZnO nanorod arrays on a (1 0 0) silicon
substrate, and (c) grain-like ZnS architectures coated on ZnO NRs to form ZnO/ZnS core–shell structures.

Fig. 3 XRD patterns of the ZnO/ZnS core–shell structures following
various sulfurization periods.

Fig. 4 Atomic force microscopy (AFM) images of the ZnO/ZnS core–sh

This journal is © The Royal Society of Chemistry 2018
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ZnS core–shell structures might be 10 minutes. Furthermore,
enlarged FESEM images of the ZnO nanorods without a shell
and ZnO nanorods with a ZnS shell are shown in Fig. 1(f) and
(g). As can be seen by comparing Fig. 1(f) and (g), the thickness
of ZnS ranged from 7 nm to 17 nm. It seems that the growth of
ZnS nanograins might reach a saturated state when the sulfu-
rization time exceeds 10 minutes. This may result from the
saturated sulfurized reactions between ZnO and ZnS. The
chemical reaction formulas are shown below:

ZnO + 2(OH)� # ZnO2
2� + H2O (1)

ZnO2
2� + S2� + 2H2O # ZnS + 4(OH)� (2)

Compared with ZnO/ZnS core–shell structures on silicon,
Zhang et al. fabricated ZnS nanoforests on ZnO nanorods as one
type of ZnO/ZnS core–shell structure, as shown in Fig. 2(a). In
addition, Kumarakuru et al. designed a ZnS sparsely distributed
ell structures following various sulfurization periods.

RSC Adv., 2018, 8, 26341–26348 | 26343
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Fig. 5 Structural characterizations of ZnO/ZnS core–shell structures following a sulfurization period of 10 min: (a) low-magnification TEM
micrograph, (b) high-magnification TEMmicrograph, (c) high-resolution TEM image (HRTEM), (d) SAED pattern, and (e) EDS analysis of the ZnO/
ZnS core–shell nanostructures from (b).

26344 | RSC Adv., 2018, 8, 26341–26348 This journal is © The Royal Society of Chemistry 2018
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nanopowder on ZnO nanorods as another type of ZnO/ZnS
core–shell structure, as shown in Fig. 2(b). In this study, with
different fabrication methods, ZnS nanograins of around 5 nm
were densely deposited on ZnO nanorods as ZnO/ZnS core–shell
structures, as shown in Fig. 2(c).

Moreover, to investigate the crystallization phase of the ZnO/
ZnS nanostructures, XRD was used to explore the crystallinity,
and the results are shown in Fig. 3. In Fig. 3, all the diffraction
peaks are compared with information from the Joint Committee
on Powder Diffraction Standards (JCPDS) table. For the ZnO
nanorods without sulfurization, only ZnO phases can be
observed (JCPDS. 792205). As the sulfurization time was
increased to 5, 10 and 20minutes, the cubic sphalerite (111) ZnS
phases appeared (JCPDS. 790043).35

The ZnO/ZnS core–shell structures with a sulfurization time
of 10 minutes had the strongest (111) ZnS phase and the nar-
rowest half-maximum width among all the XRD patterns.
According to Scherrer’s equation, the ZnS structure with 10
minutes of sulfurization might have the largest particle size
among all of the sulfurized samples, which is consistent with
the ndings from the FESEM images.

In addition, AFMmeasurements were performed to study the
surface roughness, and the results are shown in Fig. 4. The ZnO/
ZnS core–shell structures with a sulfurization time of 0, 5, 10, 20
and 30 minutes had an average surface roughness (Ra) of 29.3,
31.2, 36.2, 34.6 and 31.9 nm, respectively, as shown in Fig. 4.
These results are consistent with the ndings of the FESEM
images and XRD patterns, indicating that the ZnO/ZnS nano-
structures with a sulfurization time of 10 minutes had the
largest ZnS nanograins.

To zoom in on the surface morphology and detailed
nanostructure of the ZnO/ZnS core–shell structures with
a sulfurization time of 10 min, TEM, HRTEM, and SAED were
utilized. TEM images with two different magnication rates
are shown in Fig. 5(a) and (b), and ZnS nanograins distributed
on the surface of ZnO nanorods can be clearly seen in the
images. Moreover, a HRTEM image around the interface of
ZnO/ZnS was taken and is shown in Fig. 5(c), and circular-
shaped ZnS nanograins with radii of around 5 nm are noted
by blue-dotted circles. The HRTEM image clearly presents the
border between ZnS and ZnO, as illustrated by a dotted yellow
line. Furthermore, the crystalline spacings between ZnO and
ZnS were 0.514 nm and 0.317 nm, which correspond with
Fig. 6 (a) PL measurements of the ZnO/ZnS core–shell structures follo
diagram.

This journal is © The Royal Society of Chemistry 2018
previous studies.31 An SAED image shows all of the detailed
ZnS and ZnO crystalline structures that are shown in the red-
dotted circle in Fig. 5(a). A strong ZnS (111) ring is shown in
the SAED image in Fig. 5(d). In addition, all of the patterns of
the ZnO structures, including the strongest one of (002), are
shown in the image. Moreover, two weak (220) and (311) ZnS
structures can be observed in the HRTEM image, but the two
structures are masked in the XRD patterns. Furthermore, to
analyze the element composition on a single ZnO/ZnS nano-
rod composite, EDX was performed on a rod shown in
Fig. 5(b) labeled 1 (top), 2 (upper level), 3 (bottom level), and 4
(bottom). The EDX results show that the strongest sulfur
content was seen on the top, where many ZnS nanograins
were found. Around the upper level labeled (2), less sulfur
content was present. However, a strong sulfur signal could
still be observed. As the location moved downward to the ZnO
nanorod core, less sulfur content could be observed, indi-
cating that little sulfur could diffuse to the core. Finally, with
the location on the bottom (labeled (4), the ZnO seed layer),
even less sulfur could be moved to the seed layer. The EDX
analysis indicates that the sulfur might be diffused from the
upper parts to the lower parts.

In addition to the surface morphologies and material char-
acterizations, all these ZnO/ZnS core–shell structures were
characterized with regards to their optical behaviors, surface
hydrophilic properties and antibacterial capabilities.

The crystal defects and optical properties of the ZnO/ZnS
core–shell structures were detected using photoluminescence
(PL) spectroscopy. The measured results are presented in
Fig. 6(a). In Fig. 6(a), the near-band-edge (NBE) ZnO peak
around 380 nm indicates the recombination of the excitation
energy caused by ultraviolet light. The visible light emission in
the region between 500 and 600 nm is due to oxygen vacancies.
Aer sulfurization, the oxygen vacancy defects were mitigated
by the ZnS shells and the defect luminescence decreased.
Moreover, a notable blue-shi of the NBE luminescence could
be observed. The enlargement of the optical band-to-band
transition is known as the Burstein–Moss effect. Aer the ZnO
nanorods were doped with S to form ZnS, the S impurities
contributed towards enhancing the electrical conductivity and
thus resulted in a wider band-to-band transition, as shown in
Fig. 6(b). Therefore, blue shis of the band-to-band transitions
could be viewed in the PL spectra.36
wing various sulfurization periods. (b) Moss–Burstein shift mechanism

RSC Adv., 2018, 8, 26341–26348 | 26345
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Fig. 7 Surface contact anglemeasurements of the ZnO/ZnS core–shell structures following the various sulfurization periods of (a) 0, (b) 5, (c) 10,
(d) 20 and (e) 30 min. (f) The trend of the contact angle versus the various sulfurization periods.

Fig. 8 Ratio of bacteria growth versus the ZnO/ZnS core–shell
structures following various sulfurization periods (OD 600 antibacterial
test).
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The hydrophobicity of the ZnO/ZnS core–shell structures
following various sulfurization periods was analyzed using
surface contact angle measurements, and the results are shown
in Fig. 7(a)–(e). The surface contact angles of the ZnO/ZnS core–
shell structures with a sulfurization time of 0, 5, 10, 20, and 30
minutes were 9.3, 10.3, 13.6, 15.9 and 18.2 degrees, respectively.
These results indicate that a longer sulfurization time resulted
in stronger hydrophobic properties. Therefore, ZnO/ZnS core–
shell structures could be used for future waterproong
applications.21

Finally, the antibacterial abilities of the ZnO/ZnS core–shell
structures were evaluated using the OD 600 antibacterial test.
This test measured the absorbance rate of the samples with
respect to a light wavelength of 600 nm using a photoelectric
colorimeter. The absorbance rate of the sample with respect to
a light wavelength of 600 nm was proportional to the concen-
tration of bacteria. Six bottles were made up with the same
solution, and one contained a control group while the other ve
contained the ZnO structures or ZnO/ZnS core–shell structures
following various sulfurization periods. Each of these six
samples were inserted into these bottles for 225 minutes, and
the results are shown in Fig. 8. The results indicate that the
samples with the ZnO or ZnO/ZnS core–shells had stronger
antibacterial capabilities than the control group did, as shown
in Fig. 8. The ZnO nanostructures improve the antibacterial
capability37 due to their larger surface area and various
morphologies, such as nanoparticles and 38 nanorods,39 H2O2

production, Zn2+ release, and the presence of surface oxygen
vacancies.40 By examining Fig. 6(a), the oxygen vacancies, as
revealed in the PL spectra, were increased. Therefore, the
26346 | RSC Adv., 2018, 8, 26341–26348
bacteria could be suppressed by the extra vacancies, which is
consistent with the results of the antibacterial test shown in
Fig. 8. Furthermore, compared with simple ZnO structures,
a longer sulfurization time on the ZnO nanorods could weaken
the antibacterial properties. Since the ZnO structures had
superior antibacterial effects, the coating or coverage by the ZnS
shells may block the contact between the ZnO nanorods and
the bacteria. Therefore, the antibacterial effects could be
suppressed.
This journal is © The Royal Society of Chemistry 2018
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4. Conclusions

Zinc sulde (ZnS) nanograins were integrated onto zinc oxide
(ZnO) rods to form distinctive ZnO/ZnS core–shell structures on
silicon substrates. Multiple material characterizations were
used to analyze these nanostructures. The results indicate that
strong cubic crystallized ZnS (111) could be grown on ZnO
nanorods following an appropriate sulfurization time.
Furthermore, blue shis of the PL spectra could be observed
and the hydrophobicity could be enhanced with ZnS shell
incorporation. Moreover, suppression of the antibacterial
properties could be observed because of ZnS coverage on the
ZnO nanorods. ZnO/ZnS core–shell structures on silicon
substrates show promise for future applications related to Si-
based electronic and biomedical nanodevices.
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