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a b s t r a c t

We demonstrate here that ZnS nanotubes can be successfully synthesized via a facile conversion process

from ZnO nanorods precursors. During the conversion process, ZnO nanorods are first prepared as

sacrificial templates and then converted into tubular ZnO/ZnS core/shell naonocomposites through a

hydrothermal sulfidation treatment by using thioacetamide (TAA) as sulfur source. ZnS nanotubes are

finally obtained through the removal of ZnO cores of tubular ZnO/ZnS core/shell naonocomposites by

KOH treatment. The photoluminescence (PL) characterization of the as-prepared products shows much

enhanced PL emission of tubular ZnO/ZnS core/shell nanocomposites compared with their component

counterparts. The probable mechanism of conversion process is also proposed based on the

experimental results.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

During the past decades, wide band gap semiconductor
materials have attracted considerable attention due to their size-
dependent properties and important technological applications.
In particular, ZnS is one of the important semiconductor materials
with a wide band gap of 3.7 eV and received a wide range of
research interest because of its potential applications in various
fields such as nonlinear optical devices, displays, sensors, infrared
windows, and lasers [1–3]. Various synthetic routes, for example,
solvothermal procedure, hydrothermal method, solid–vapor
deposition technique, pulsed laser vaporization [4–6], have been
employed to prepare ZnS with different morphologies like
nanobelts, nanorods, nanowires, nanoribbons, hollow nano-
spheres, and other hierarchical nanostructures [7–12]. Recently,
a new approach to the preparation of ZnS and ZnS nanocompo-
sites with various morphologies based on corresponding ZnO
precursors has been a focus of materials research. Hexagonal ZnS
nanotubes have been obtained via a conversion and etching
process of ZnO nanocolumns [13]. ZnO/ZnS nanocable and ZnS
nanotube arrays have been successfully synthesized by a
thioglycolic acid-assisted solution route with removal of ZnO
cores [14] and by the conversion from ZnO nanorods due to
the Kirkendall effect under simple ultrasonic irradiation [15],
ll rights reserved.
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respectively. ZnO/ZnS core/shell microspheres have been prepared
with ZnO microspheres as reactive templates and they exhibit a
distinct enhancement of photoluminescence compared with the
uncoated ZnO microspheres [16]. ZnS hollow nanospheres with
nanoporous shell were successfully synthesized through the
evolvement of ZnO nanospheres [12]. Heterostructured ZnO/ZnS
core/shell nanotube arrays were synthesized by a conversion
process from ZnO nanorod arrays grown by atomic-layer deposi-
tion [17]. The examples above are generally two-step routes while
there are still other reports on one-pot process in which ZnO
precursors were not point out by the authors but the conversion
from ZnO to ZnS was most likely one of the growth mechanisms.
For example, hollow ZnS microspheres [18], bifunctional ZnO/ZnS
nanoribbons decorated by g-Fe2O3 clusters [19], and flowerlike
ZnS–ZnO heterogeneous microstructures built up by ZnS-particle-
strewn ZnO microrods [20]. However, there are few reports of
tubular ZnO/ZnS core/shell nanocomposites and ZnS nanotubes
using ZnO nanorods precursors via a hydrothermal route.

In this paper, tubular ZnO/ZnS core/shell nanocomposites could
be successfully obtained via a sulfidation conversion by using ZnO
nanorods as sacrificial templates in which thioacetamide (TAA) was
used as sulfur source. ZnS nanotubes could also be successfully
obtained via an alkali treatment process of tubular ZnO/ZnS core/
shell nanocomposites. Compared with ZnO nanorods, as-prepared
ZnO/ZnS core/shell nanocomposites and ZnS nanotubes exhibit
much different room-temperature photoluminescence (PL) proper-
ties. The possible formation mechanism of tubular ZnO/ZnS core/
shell nanocomposites was also proposed. This strategy may provide
more opportunities for the preparation of core/shell structured and
hollow metal chalcogenides.
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Fig. 1. XRD patterns of the as-prepared ZnO nanorods (a), tubular ZnO/ZnS core/

shell nanocomposites obtained with different molar ratios of ZnO to TAA: (b) 1:1,

(c) 1:10, and ZnS nanotubes (d).
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2. Experimental section

All chemicals were of analytical grade from Shanghai Chemical
Reagents Co., and used as starting materials without further
purification.

2.1. Preparation of ZnO nanorods

In a typical procedure, 0.297 g of Zn(NO3)2 �6H2O and 0.142 g of
Na2SO4 were loaded into a Teflon-lined stainless steel autoclave of
50 ml capacity and dissolved in 30 ml deionized water. Then
5.0 ml of hydrazine monohydrate (80% v/v) solution was added
dropwise during vigorous stirring. Next, the autoclave was filled
with deionized water up to 80% of the total volume, after 10 min
stirring, sealed and maintained at 180 1C for 24 h. Subsequently,
the system was allowed to cool to room temperature naturally.
The resulting precipitate was collected by filtration and washed
with absolute ethanol and distilled water in sequence for several
times. The final product was dried in a vacuum box at 50 1C for 4 h.

2.2. Preparation of tubular ZnO/ZnS core/shell nanocomposites

ZnO nanorods (0.081 g) and thioacetamide (TAA, 0.075 and
0.75 g, respectively) were put into a Teflon-lined stainless steel
autoclave of 50 ml capacity and dissolved in 30 ml deionized
water. The solution was stirred vigorously for 10 min and sealed
and maintained at 100 1C for 6 h, and then cooled down to room
temperature. The resulting precipitate was collected by filtration
and washed with absolute ethanol and distilled water in sequence
for several times. The final product was dried in a vacuum box at
50 1C for 4 h.

2.3. Preparation of ZnS nanotubes

Tubular ZnO/ZnS core/shell nanocomposites (0.01 g) were
soaked in KOH solution (4 mol/l) under constant stirring for 1 h
at room temperature. Finally, the obtained products were
collected by centrifugation and washed with distilled water
repeatedly and then dried in vacuum box at 50 1C for 4 h.

2.4. Characterization

The obtained products were characterized on a D/max2550
VB+X-ray powder diffractometer (XRD) with CuKa radiation
(l ¼ 1.54178 Å). The operation voltage and current were kept at
40 kV and 40 mA, respectively. The size and morphology of the as-
synthesized products were determined at 20 kV by a XL30 S-FEG
scanning electron microscope (SEM) and at 160 kV by a JEM-
200CX transmission electron microscope (TEM) and a JEOL JEM-
2010F high-resolution transmission electron microscope
(HRTEM). Energy-dispersive X-ray spectroscopy (EDS) was taken
on the SEM. The room-temperature photoluminescence (PL)
measurement was carried out on an F-2500 spectrophotometer
using the 325 nm excitation line of Xe light. ZnO nanorods, ZnO/
ZnS core/shell nanocomposites and ZnS nanotubes powder were
used as the standards. UV–Vis absorption spectra (UV–Vis) were
performed on a Perkin-Elmer Lambda-20 spectrometer at room
temperature. For UV spectroscopic analysis samples were dis-
persed thoroughly in distilled water.
3. Results and discussion

The crystal structure and crystallinity of the as-prepared
products were investigated by XRD. Fig. 1(a) shows a typical
XRD pattern of ZnO precursors, in which all the diffraction peaks
can be well indexed to hexagonal ZnO with lattice constants
a ¼ 3.249 Å and c ¼ 5.208 Å, in good agreement with the standard
PDF data (JCPDS file 36–1451). The XRD patterns of tubular ZnO/
ZnS core/shell nanocomposites prepared with different molar
ratios of ZnO to TAA were shown in Fig. 1(b) and (c), respectively.
Besides those of ZnO, characteristic diffraction peaks
corresponding to face-centered cubic ZnS can be observed after
the sulfidation treatment of ZnO precursors, indicating the
formation of ZnO/ZnS nanocomposites. The intensity of main
diffraction peaks of ZnS in Fig. 1(c) is much stronger than that in
Fig. 1(b), showing more ZnS was formed after sulfidation
treatment due to the larger molar ratio of ZnO to TAA. Fig. 1(d)
shows the XRD patterns of ZnS nanotubes obtained via an alkali
treatment process of tubular ZnO/ZnS core/shell nanocomposites
(Fig. 1(c)). The main diffraction peaks in the pattern can be
indexed as the face-centered cubic ZnS with lattice constants
a ¼ 5.406 Å (space group: F43mð216ÞÞ, which are consistent with
the values in the literature (JCPDS file 05-0566). The average
nanocrystallite size of ZnS products is estimated to be about
2.8 nm by employing the well-known Debye–Scherrer formula,
close to exciton Bohr radius of ZnS (about 2.5 nm) [21].

The morphology, structure, and size of ZnO nanorods were
characterized with SEM, TEM and HRTEM. Fig. 2(a) and (b) shows
typical low and high magnification SEM images of ZnO precursors,
respectively, in which large quantities of ZnO nanorods with
diameter in the range of 100–800 nm and length up to 10mm can
be clearly observed. EDS analysis (Fig. S1 of supporting materials)
exhibits the products only consist of Zn and O in addition to C
which is caused by the C substrate, consistent with XRD
characterization. Fig. 2(c) is a representative TEM image of ZnO
nanorods, which shows the morphology of several nanorods is
relatively straight. Detailed information regarding to the crystal
structure of final products has been investigated by HRTEM.
Fig. 2(d) shows a typical HRTEM image of an individual ZnO
nanorod. The lattice spacing was calculated to be 0.52 nm,
corresponding to the d-spacing of (0001) crystal plane of the
wurtzite ZnO, which suggests that those nanorods are single
crystalline and grow along the [0001] direction. The inset of
Fig. 2(d) is the corresponding fast Fourier transform (FFT) image of
HRTEM result, showing that the nanorod is of single-crystalline
structure with preferential [0001] growth direction.
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The conversion from ZnO to ZnO/ZnS core/shell nanocompo-
sites can be realized due to the much different solubility between
them (solubility product constant Ksp: 6.8�10�17 for ZnO and
1.2�10�24 for ZnS) at the same temperature [18]. Fig. 3(a) depicts
a typical low magnification SEM image of ZnO/ZnS core/shell
nanocomposites prepared with molar ratio of ZnO to TAA as 1:10,
in which many tube-like products with average length about 5mm
can be found. Compared with ZnO nanorod precursors, those
products are shorter in length while the diameter is nearly same,
indicating ZnO nanorods have broken into smaller sections during
Fig. 2. (a) Low- and (b) high-magnification SEM images, (c) TEM images, and (d)

HRTEM image of the as-prepared ZnO nanorods. Inset of (d) fast Fourier transform

(FFT) image of the HRTEM result.

Fig. 3. (a) Low- and (b) high-magnification SEM images, (c) TEM images, and (d)

SAED patterns of the as-prepared ZnO/ZnS core/shell nanocomposites obtained

with molar ratio of ZnO to TAA as 1:10.
the conversion process. Fig. 3(b) is a high magnification SEM
image selected from Fig. 3(a). A tube-like product with irregular
open tip can be clearly observed. Fig. S1 (refer to supporting
materials) shows the result of EDS analysis in which S was found
besides Zn and O, agreeing with the XRD pattern. The as-prepared
products have also been investigated by TEM and the result is
shown in Fig. 3(c). The distinct hollow interior spaces reveal the
core/shell structured nature of as-prepared products. In contrast
to the smooth inner surface, the outer surface of ZnS shell is
relatively rough. Parts of ZnO cores connected with shells can be
found with careful observation, as marked by a white rectangle.
Two kinds of electron diffraction patterns can be clearly observed
(Fig. 3(d)), of which one is indexed to single-crystalline ZnO core
and the other refers to ZnS shell with polycrystalline structure,
further confirming the core/shell structure of products. A
comparative experiment has been carried out to study the
influence of the amount of TAA on the morphology of final
products and it is found that less TAA leads to the blurred
boundaries between cores and shells which are difficult to
distinguish (see supporting materials for details).

Since ZnO has an amphoteric character and ZnS exhibits a good
resistivity to alkaline solution [18], strong base such as KOH can
be employed to remove the ZnO cores while leave the ZnS shells
intact. Fig. 4(a) is a typical SEM image of ZnS product obtained
with the removal of ZnO cores by KOH treatment. Herein, ZnS
nanotubes with open tips can be clearly observed. In addition, the
walls of some nanotubes are so thin that they look almost
transparent, further confirming the hollow nature of products.
There also exist some fragments, which can be attributed to the
inevitable collapse of ZnS nanotubes during the removal process
due to their relatively thin walls, similar to the collapse of final
products in other chemical conversion process such as galvanic
replacement in our previous study [22]. Fig. 4(b) shows a higher
magnification SEM image exhibiting clearly the open tips of
nanotubes. The rough outer surface of nanotubes can also be
observed, suggesting the morphology has been well inherited
from the shells of ZnO/ZnS core/shell nanocomposites. EDS
spectrum of ZnS nanotubes presents prominent Zn and S peaks
Fig. 4. (a) Low- and (b) high-magnification SEM images, (c) TEM image, and (d)

SAED pattern of as-prepared ZnS nanotubes. Inset of (c) SAED pattern and inset of

(d) high magnification TEM image of the corresponding product.
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(see supporting materials; C and Cu peaks are derived from
substrates and weak O peaks may be ascribed to oxygen
adsorption). Fig. 4(c) is a representative TEM image of the as-
prepared product, in which ZnS nanotubes with lengths ranging
from 500 nm to 2mm and average diameter of 300 nm can be
found. The average thickness of the wall of those nanotubes is
estimated to be approximately 50 nm. Moreover, the surface of
those nanotubes is rough and some fragments exist, consistent
well with the SEM observation. The inset of Fig. 4(c) is the
corresponding SAED pattern taken on a single nanotube, revealing
the polycrystalline nature of the product. The diffraction rings can
be outwards indexed to (111), (220), and (311) crystal planes of
cubic ZnS, respectively. The inset of Fig. 4(d) is a high
magnification TEM image which exhibits that a single ZnS
nanotube with a closed tip is built up of numerous
nanoparticles and some particles are loosely stacked on the wall
of the tube. HRTEM analysis provides further insight into the
structures of those nanoparticles. Fig. 4(d) shows a HRTEM image
taken on the edge of an individual ZnS nanotube, in which many
tiny nanocrystallites can be observed and lattice spacings
corresponding to (101) and (110) crystal planes of cubic ZnS are
distinguished, providing further evidence for the polycrystalline
nature of ZnS nanotubes, agreeing well with the SAED patterns.
The nanocrystallite size of ZnS is clearly shown in another HRTEM
image and it comes out to be 3 nm (see supporting materials for
details), consistent with the estimation from the Debye–Scherrer
formula.

The conversion process from ZnO nanorods to ZnS nanotubes
which involves sulfidation and etching steps is shown in Fig. 5(a).
The conversion from solid templates to core/shell or hollow
nanostructures is interesting and several formation mechanisms
have been proposed to elucidate the process, including the well-
known Ostwald ripening [23], classic and newly prevalent
Kirkendall effect [24], and inequivalent exchange of metallic
atoms regarding the galvanic replacements reaction, and so on
[25]. We believe that a diffusion and consumption process could
explain well the formation of ZnO/ZnS core/shell nanocomposites
in our case. Fig. 5(b) is the schematic illustration of formation
mechanism of ZnO/ZnS core/shell nanocomposites, which
presents more details. In the initial stage, TAA reacts with water
when it is introduced at certain temperature to produce H2S, and
thus ions exchange happens as S2� react with Zn2+ slowly
dissolved from the surface of ZnO nanorods to form initial ZnS
shells under the driving force caused by the fact that ZnS is more
Fig. 5. Schematic illustration of (a) the conversion process from ZnO nanorods to

ZnS nanotubes and (b) formation mechanism of ZnO/ZnS core/shell nanocompo-

sites.
thermodynamically stable due to its lower solubility [16]. Small
gaps will form between the ZnO cores and initial ZnS shells as ZnO
on the surface is gradually converted into ZnS. Meanwhile, part of
ZnO in contact with ZnS shells stochastically remains (Fig. 3(c))
and serves as convenient transportation channels, similar to
bridges, for Zn ions to reach the reaction interface via surface and
bulk diffusion process. Then zinc ions continuously diffuse from
inside of ZnO cores to the outer surface of the ZnS shells along
certain ZnO bridges—it is more easy for Zn2+ to penetrate through
the ZnS shells than S2� does due to the smaller size of Zn2+ to react
with S2� in solution and thus ZnS shells become thicker as more
and more ZnS nanoparticles pile up on the initial ZnS shells. Note
some ZnS nanoparticles which do not act as building units of ZnS
shells but exist separately in the solution (Fig. 4(d)). With the
proceeding of the conversion reaction, the intermediate gap is
enlarged due to the continuous consumption of ZnO cores and
ZnO/ZnS core/shell nanocomposites are obtained correspondingly.
When the core/shell nanocomposites are etched by KOH, the cores
are removed and ZnS nanotubes finally form.

Fig. 6 presents the UV–Vis absorption spectra of tubular ZnO/
ZnS core/shell nanocomposites prepared with different molar
ratios of ZnO to TAA and ZnS nanotubes. The peak at 317 nm can
be indexed to ZnS absorption peak, showing an obvious blue shift
from 345 nm for bulk ZnS, which is due to the quantum size
effects. The peak attributed to ZnO at 378 nm can be found in
Fig. 6(a) and (b) which corresponds to ZnO cores in core/shell
nanocomposites, and no such a peak but the peak at 378 nm is
observed in Fig. 6(c), suggesting the removal of ZnO cores and the
existence of ZnS shells.

The room-temperature photoluminescence (PL) under the
excitation wavelength of 325 nm has been performed to investi-
gate the optical properties of the as-prepared products. Fig. 7(a)
presents the PL spectrum of ZnO nanorods, in which a broad
ultraviolet emission with peak at 387 nm, a weak blue band, and a
negligible green band can be observed. The ultraviolet emission
originates from the excitonic recombination corresponding to the
near-band edge emission of ZnO and the green luminescence can
be attributed to the recombination of an electron and a
photogenerated hole caused by surface defects and oxygen
vacancies [26,27] while the exact mechanism in regard to blue
emission is not yet clear [28]. Compared with ZnO nanorods, both
of ZnO/ZnS core/shell nanocomposites prepared with different
molar ratios of ZnO to TAA exhibit much enhanced ultraviolet and
visible emissions, similar to the previous report [29]. In addition,
Fig. 6. UV–Vis absorption spectra of ZnO/ZnS core/shell nanocomposites prepared

with different molar ratios of ZnO to TAA: (a) 1:1, (b) 1:10, and ZnS nanotubes (c).
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Fig. 7. Photoluminescence spectra of ZnO nanorods (a), ZnO/ZnS core/shell

nanocomposites prepared with different molar ratios of ZnO to TAA: (b) 1:1, (c)

1:10, and ZnS nanotubes (d) under the photon excitation of 325 nm at room

temperature.
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no obvious red- or blue-shift is observed (ultraviolet emission
peaks at 386 and 385 for Fig. 7(b) and (c), correspondingly)
compared with Fig. 7(a). It is also found that all of the emission
peaks in Fig. 7(c) are stronger than those in Fig. 7(b). The portion
of ZnS shells with a wider band gap closely coated on ZnO cores
provides an efficient passivation of the surface trap states, giving
rise to a strongly enhanced fluorescence quantum yield and thus
resulting in the obvious enhancement in the ultraviolet emission
of core/shell ZnO/ZnS nanocomposites [16,30,31]. The improved
PL emission has also been reported in the study of CdS/ZnS wires
and CdSe/CdS/ZnCdS/ZnS nanostructures [32,33]. Moreover, the
PL properties of ZnS nanotubes have been investigated and the
result is shown in Fig. 7(d). Several blue emission bands similar to
those in Fig. 7(c) can be seen, except for the weaker intensity.
Moreover, a broad emission peak centered at 398 nm was
observed in PL spectrum of ZnS nanotubes, showing a
remarkable blue shift compared with emission position of bulk
ZnS (440–500 nm) [34], which could be attributed to the quantum
size effects of ZnS nanocrystallines. The comparison among those
spectra suggests that the PL properties of ZnO/ZnS core/shell
nanocomposites are superior to their component counterparts.
4. Conclusion

In summary, ZnS nanotubes could be successfully prepared
through a facile conversion strategy. ZnO/ZnS core/shell nano-
composites were obtained via a sulfidation process by using ZnO
nanorods as sacrificial templates. A subsequent removal process of
ZnO cores with KOH treatment finally converts ZnO/ZnS core/shell
nanocomposites to ZnS nanotubes. PL study reveals that ZnO/ZnS
core/shell nanocomposites exhibit enhanced UV and visible
emissions compared with ZnO nanorods and ZnS nanotubes,
showing their unique and superior optical properties. A diffusion
and consumption mechanism has been proposed for the forma-
tion of ZnO/ZnS core/shell nanocomposites. This strategy may be
extended to prepare other hollow and core/shell structured metal
chalcogenides by using corresponding metal oxides with specific
morphologies as precursors.
Supporting information available

SEM images, TEM images, and EDS spectrum of the as-
prepared ZnO and ZnO/ZnS core/shell nanocomposites obtained
with molar ratio of ZnO to TAA as 1:10 and 1:1, and EDS spectrum
of the as-prepared ZnS nanotubes are shown in supporting
information.
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