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Abstract

A facile solvothermal method in the ethylene glycol-H,O system has been proposed for controllable fabrication of well-crystallized y-MnS
hierarchical nanostructures. In this method, the addition of deionized water into the reaction solution shows a remarkable influence upon the
morphology, especially on the preferential orientation growth. Typically, hollow y-MnS nanospheres could be generated without use of deionized
water. However, y-MnS nanoflowers radially constructed by anisotropic nanorods would be readily obtained with the assistance of deionized water.
Moreover, the dosage of deionized water can be used for controlling the crystallinity and particle size of y-MnS nanoflowers. The role of deionized
water played on the growth of y-MnS nanoflowers has been discussed based on transmission electron microscopy (TEM) and high-resolution TEM
(HRTEM). The obtained y-MnS nanorod-constructed nanoflowers exhibit improved PL property compared to hollow nanospheres, evidenced by

the enhanced NBE emission centered at 364 nm.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Manganese sulfide (MnS), a wide gap VIIB-VIA semi-
conductor, has potential applications in short-wavelength
optoelectronic, magnetic semiconductors and luminescent
fields [1,2]. MnS occurs in three forms: the stable green o-
MnS with rock-salt-type structure and two pink metastable
tetrahedral structures, 3-MnS (sphalerite type) and y-MnS
(wurtzite type) [3]. Compared with the stable form, metastable
phase of MnS is expected to exhibit various properties such as
optical, electrical and magnetic properties [4]. Nevertheless,
both metastable phases always suffer from thermal instability
and tend to transform irreversibly into the stable a-MnS at
elevated temperature or pressures [5,6], which drastically
causes the loss of property. Consequently, tremendous efforts
are being made toward the fabrication of metastable phases (-
MnS or B-MnS) with excellent quality.

In addition, controlling the architecture of metal sulfide
nanocrystals has been of great interests, which is driven

* Corresponding author. Tel.: +86 21 52412718; fax: +86 21 52413122.
E-mail address: liangao@mail.sic.ac.cn (L. Gao).

primarily by the fact that the properties of semiconductor
nanocrystals depend greatly on their shape, size and hierarchy
[7-9]. With the intention to fabricate MnS crystallites with
desirable architectures, various low-temperature wet chemical
solution methods have been developed [10-13], such as a
mineral-assisted solvothermal synthesis of metastable y-MnS
crystallites [14], a colloidal route through thermolysis of
Mn(S,CNEt,), molecular precursors in hexadecylamine [15]
and a biomolecule-directing synthetic route under hydrother-
mal conditions [16]. However, most of these approaches were
plagued by serious problems, such as complicated process
control, unavailable precursors as well as inhomogeneity in
morphology/size of the product. Therefore, it is still a great
challenge to controllably synthesize MnS crystals with
homogenous and well-defined morphologies via facile routes.

In this work, a facile solvothermal method in the ethylene
glycol (EG)-H,O system has been proposed for controllable
fabrication of uniform y-MnS hierarchical nanostructures with
good photoluminescence. In this approach, the addition of
deionized water into the reaction solution shows a remarkable
influence upon the morphology of y-MnS nanostructures,
especially on the preferential orientation growth. y-MnS
nanoflowers radially constructed by anisotropic nanorods are
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obtained in the presence of deionized water, while in the absence
of water, hollow y-MnS nanospheres are prepared. Moreover, the
dosage of deionized water can be used for controlling over the
crystallinity and particle size of y-MnS nanoflowers. The
obtained y-MnS nanorod-constructed nanoflowers exhibit
greatly improved PL property compared to hollow nanospheres,
evidenced by the enhanced NBE emission centered at 364 nm.
The present work, achieving fabrication of high-quality y-MnS
hierarchical nanostructures with controlled architectures only by
the simple water-tuning solvothermal approach, to the best of our
knowledge, has never been reported.

2. Experimental procedures

All chemicals were of analytical grade and used without any
treatment (Shanghai Chemical Reagent Co. Ltd., China.). The
typical procedure for the synthesis of y-MnS nanorod-assembled
nanoflowers was as follows: 1 mmol Mn(CH3;COO),-4H,O
(0.245 g), 1.5 mmol sulfur powder (0.048 g) and 1.2 g PVP were
added to a vessel that contained 60 mL EG. This was followed
with addition of 2 mL distilled water. The above mixture was
magnetically stirred for 60 min. The obtained orange solution
was then sealed into a Teflon-lined stainless autoclave (100 mL
capacity) and kept in an electric oven at 190 °C for 12 h. The
autoclave was then taken out and left to cool naturally to room
temperature. The resultant pink powder was obtained by
centrifugation, washed with water and ethanol three times,
and vacuum-dried at 50 °C overnight for characterization. The
detailed experimental parameters for the synthesis of typical
samples are listed in Table 1.

The products were characterized by transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM)
(JEM200CX, JEOL, Tokyo, Japan), scanning electron micro-
scopy (SEM, JSM 6700F, Tokyo, Japan) and powder X-ray
diffraction (XRD, Rigaku D/max 550 V, Tokyo, Japan, Cu Ka
radiation, A =0.15406 nm). PL spectra were analyzed by a
luminescence spectrometer (LS55, PerkinElmer, CT, USA) at
room temperature, with an excitation slit width of 10 nm and an
emission slit width of 10 nm.

3. Results and discussion
Fig. 1 shows the XRD pattern of as-prepared samples.
Except for sample S6, the diffraction pattern of all the samples

are well in accord with wurtzite structured y-MnS (JCPDS No.
40-1289), indicating that pure y-MnS can be prepared by such
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Fig. 1. XRD patterns of the as-prepared samples solvothermally synthesized at
190 °C for 12 h with different amounts of deionized water: S1 (2 ml), S2 (0 ml),
S5 (4 ml) and S6 (10 ml), respectively.

simple solvothermal method in EG-H,O system. The diffrac-
tion peak intensity gradually enhances with increasing loading
of deionized water, evidencing that the deionized water shows a
promotion effect on the crystallization of y-MnS. Noteworthy,
the intensity of some diffraction peaks exhibits remarkable
enhancement, especially of (1 0 0) and (1 1 0) planes, indicat-
ing that deionized water would possibly facilite the preferential
oriented growth of y-MnS crystallites.

Fig. 2(a) gives the representative SEM image of S1, which
demonstrates nearly monodispersed nanoflowers with an
average size of about 550 nm. The high-magnification SEM
image (inset of Fig. 2(a)) shows that the flower-like
nanostructures are composed of radial nanorods. And a
hexagonal end face of constructed nanorods can be identified,
which is in accord with the crystal habit of the wurtzite
structured y-MnS. Further structural details were studied by
TEM and SAED. TEM image (Fig. 2(b)) further shows that the
v-MnS nanoflowers are assembled by nanorods with diameters
of ca. 80 nm and lengths of 250-300 nm. The typical SAED
pattern (inset of Fig. 2(b)) from single nanorod confirms the
well-defined single-crystalline nature. HRTEM image
(Fig. 2(c)) shows the lattice fringe along the preferential
growth direction of the nanorod. The lattice spacing of
0.316 nm agrees well with the d-spacing of the (0 0 2) planes of
v-MnS, indicating the [0 O 1] preferential growth orientation.

Experimental parameters for the synthesis of typical samples (solvothermal temperature was 190 °C for all samples).

Sample Solvent t (h) Phase Morphology Particles size/nm
S1 EG (60 ml) + H,O (2 ml) 12 y-MnS Flower-like ca. 550 nm

S2 EG (60 ml) 12 v-MnS Hollow spheres ca. 250 nm

S3 EG (60 ml) + H,O (2 ml) 4 v-MnS Flower-like ca. 550 nm

S4 EG (60 ml) 4 v-MnS Solid and core/shell spheres ca. 250 nm

S5 EG (60 ml) + H,O (4 ml) 12 v-MnS Flower-like ca. 600 nm

S6 EG (60 ml) + H,O (10 ml) 12 v-MnS + a-MnS Flower-like + spherical 1-2.5 pm
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Fig. 2. (a) Low-magnification SEM image of Sample S1 (the inset: high-magnification SEM image of a single nanoflower); (b) TEM image of S1 (the inset: SAED
pattern from the primary nanorod); (c¢) HRTEM image of the nanorod; (d) EDS pattern of the nanoflowers.

The EDS data (Fig. 2(d)) confirm that the product is
stoichiometric MnS (atomic ratio Mn:S = 49.52:50.48).

For comparison, we performed the experiment (sample S2)
without adding deionized water. Fig. 3(a) and (b) shows the
SEM images of S2 under different magnifications. Compact
nanospheres with average size of ca. 250 nm are obviously
seen. A typical broken nanosphere reveals its hollow nature and
that the shell is composed of grain-like nanoparticles with size
of ca. 10-15 nm (Fig. 3(c)). The shell thickness of hollow
nanospheres is estimated to be ca. 60—-100 nm by Fig. 3(d). The
SAED pattern (inset of Fig. 3(d)) shows that the shells are
polycrystalline. Above results indicate the significant influence
of deionized water on the size and morphology of y-MnS
particles in the present reaction system.

As previously reported [2], sulfur powder can be reduced by
weak reducing agent ethylene glycol alone via solvothermal
process, and then stably generate H,S to provide S*. The
formation of y-MnS can be presented as follows:

2HOCH,CH,O0H -5 2CH;CHO + H,0 (1)

2CH;CHO + $2SCH;CO — COCH; + H,S(aq.) )
H,S + H,O = HS™ +H;0" 3)
HS™ +H,0 = $*” +H;0" “)
Mn(Ac), — Mn*" 4+2Ac™ 5)
Ac” +H,0 = HAc + OH™ (6)
Mn?* + 8%~ — MnS | @)

In order to understand the growth mechanism in the EG-H,O
reaction system, sample S3 was prepared under the same
condition as sample S1 except that the reaction time was
shortened to 4 h. As shown in Fig. 4(a), imperfect nanoflowers
assembled by quasi-rod-shaped nanocrystals are dominant
products and their sizes are similar to those of perfect nano-
flowers (sample S1). The HRTEM image from the side of the
rod-like nanocrystals (Fig. 4(b)) indicates that such rod-shaped
structures are composed of adjacent nanoparticles with almost
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Fig. 3. (a) Low-magnification SEM image of Sample S2; (b) middle-magnification SEM image of S2; (c) high-magnification SEM image of a typical broken
nanosphere; (d) TEM image of S2 (the inset: SAED pattern from the ‘“‘shell” region).
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Fig. 4. (a) TEM image of Sample S3; (b) HRTEM image of the primary quasi-rod-shaped nanocrystal (the inset: corresponding FFT image).

the same orientation. The growth orientation evidenced by the
interplanar distance is also consistent with that of sample S1.
These results suggest that preferential oriented attachment
should account for the formation of rod-shaped nanocrystals,

especially in the earlier growth stage in the present EG-H,O
system. Although the way that solvent component affects the
morphology of products is complicated and multifold, such as
the solubility, reactivity, and diffusion behavior, in the present
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EG-H,O0 system, deionized water, as an additive, plays a role at
least from two aspects: First, the deionized water serves as an
inducer to promote the ionization of Mn(Ac), and H,S, thus
more Mn”* and S?~ ions will be generated to form larger
quantities of MnS nuclei in the solution. Therefore, the high
concentration of growth species (or sufficient supersaturation)
further facilitates a fast growth rate, which leads to nanocrystals
with higher anisotropy. Second, due to the stronger polarity of
H>O molecules than that of EG molecules, the surface of -y-
MnS nanocrystals will be less passivated in the presence of
H,O0, therefore, water could also serve as a binder for freshly
formed nanocrystallites to orientally grow into a larger crystal
(i.e. oriented attachment) [17-19]. Since wurtzite y-MnS is
intrinsically with a polar c-axis, and when the preferential
growth is kinetically permitted, growth along this axis is
advantaged. As a result, rod-shaped building blocks with
[0 0 1] preferential orientation are formed and subsequently
self-assembled into flowerlike y-MnS structures in the presence
of surfactant PVP with reduced total system energy [20]. In the
later growth stage, Ostwald ripening should also take synergis-
tic effect on the perfect flowerlike structure, which functions as
eliminating the oriented attachment-induced defects as well as
smoothing the surface of nanocrystals [21]. Finally, well-de-
fined rod-shaped y-MnS nanocrystals as well as their perfect
3D flowerlike nanostructures are readily fabricated.

Further experiments showed that the size and phase structure
of as-obtained particles could be adjusted by increasing the
amount of deionized water (Table 1). Generally, the size of as-
obtained particles is in direct proportion to the amount of water.

g
"o

Fig. 5. (a) and (b) SEM images of Sample S5, (c) TEM image of S5 (the inset: SAED pattern of primary nanorod); (d) and () SEM images of Sample S6, (f) TEM
image of S6 (the inset: SAED pattern from the rod-shaped region).

When the amount of water increases to 4 ml (sample S5), the
size of as-produced y-MnS flower-like particles increases to ca.
600 nm (Fig. 5(a)-(c)). Concomitantly the diameter of the
constructed nanorods increases to ca. 150 nm. When 10 ml of
deionized water is introduced into the initial solution (sample
S6), flower-shaped particles assembled by well-defined
hexagonal-end-faced nanorods as well as some spherical
shaped particles are formed, and the size increases to 1-2.5 wm
(Fig. 5(d)—(f)). Meanwhile, the product using 10 ml water
demonstrates a small portion of a-MnS besides the y-MnS, as
seen from their XRD pattern (S6 in Fig. 1). This result indicates
the growth of MnS crystallites might shift to thermodynamic
regimes when too much water is added into the reaction
solution (10 ml in our case). Thus, the thermodynamically
stable a-MnS with spherical shape could be favored through the
Ostwald ripening process [15]. Consequently, water plays a key
role in controlling the size and phase structure of MnS
hierarchical nanocrystals.

When reaction occurs in the absence of deionized water, the
nucleation and growth of nanocrystals will be kinetically
repressed due to the passivation effect of EG molecule and the
high viscosity of EG solvent [22,23]. Thus, grain-like
nanocrystals with small sizes are produced (as shown in
Fig. 3(c)). In addition, our study indicates that, without the
addition of deionized water, the morphology of ~vy-MnS
hierarchical nanostructures evolves from solid nanospheres
(4 h, Sample S4) to hollow nanospheres (12 h, Sample S2)
during the reaction (Table 1). These results imply that the
preferential growth of nanocrystals is kinetically restrained in
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Fig. 6. PL spectra at room temperature (A.x = 320 nm) of as-obtained y-MnS
hierarchical nanostructures with different sizes: S1, S2 and S5, respectively.

the absence of water, which results in the formation of y-MnS
nanospheres.The PL characterization is an important approach
for assessing the quality of semiconductor nanoparticles [15].
Thus, the PL spectra of as-prepared y-MnS hierarchical
nanostructures with different sizes (i.e. S1, S2, S5) were
investigated and shown in Fig. 6. It is clear that the PL spectra
(Aex = 320 nm) of all the samples consist of one strong emission
centered at 364 nm (3.41 eV) and a weak peak located at around
436 nm (2.85 eV). The former corresponds to the near band-
edge (NBE) emission of y-MnS [15]. The latter one at 436 nm
should be attributed to the higher level transition of y-MnS
from the surface states [24]. All the y-MnS hierarchical
nanostructures exhibit dominated NBE emission, indicating
their good crystalline quality [15]. Moreover, once deionized
water was introduced into the initial solution, the resultant -y-
MnS nanoflowers exhibit great enhancement in the NBE
emission (S1, S5 in Fig. 6). The highest PL intensity can be
obtained for S5 (600 nm y-MnS nanoflowers) with the addition
of 4 ml deionized water. Combined with XRD results (Fig. 1)
and TEM observation (Figs. 2(b), 3(d) and 5(c)), it can be
concluded that higher crystallinity as well as radiate branched
nanostructures would improve the PL property of y-MnS
nanocrystals, since such structured characteristics favor/allow
more effective electrons and holes to return to ground state via
optically radiative recombination. Similar results can also be
found in the literature [25-27]. In addition, a small blue shift of
the NBE emissions of S2 (250 nm hollow nanospheres) is
observed, which can be ascribed to the size-effect [28]. Thus,
the present approach provides as a facile simple method for
obtaining y-MnS nanostructures with excellent luminescent
properties.

4. Conclusions

Well-crystallized y-MnS hierarchical nanostructures with
different morphologies (i.e. nanoflowers and hollow nano-
spheres) and particle sizes have been prepared by a simple
solvothermal method in the ethylene glycol-H,O system. In
this method, the addition of deionized water into the reaction
solution shows a remarkable influence upon the morphology of
v-MnS nanostructures, especially on the preferential orienta-

tion growth. Accordingly, nanorod constructed nanoflowers and
hollow nanospheres can be selectively prepared in the presence
and absence of deionized water, respectively. As for the
formation of +y-MnS nanoflowers, a synergistic growth
mechanism combined oriented attachment followed by
Ostwald ripening has been proposed by taking into account
the kinetic inducing effect of deionized water. Moreover,
increasing the dosage of the deionized water would increase the
crystallinity and particle size of y-MnS nanocrystals, and up to
a certain amount, phase transformation to a phase occurs. The
obtained y-MnS nanorod-constructed nanoflowers possess
improved PL property compared with hollow nanospheres,
evidenced by the enhanced NBE emission centered around
364 nm. The synthetic strategy developed in this study may also
be extended to fabricate other optical semiconductor nanoma-
terials with controllable architectures.
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