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Solvothermal Synthesis of Metastable γ-MnS Hollow Spheres and Control of
Their Phase
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A solvothermal route has been developed to prepare meta-
stable wurtzite-structure γ-MnS hollow spheres from anhy-
drous manganese chloride, sulfur powder, and potassium
borohydride in ethylene glycol at 150–180°C. The metastable
γ-MnS and stable α-MnS were characterized by X-ray dif-
fraction, X-ray photoelectron spectroscopy, field-emission
scanning electronic microscopy, scanning electron micro-
scopy, transmission electron microscopy, and photolumines-

Introduction
In recent years, inorganic and inorganic–organic hybrid

hollow spheres of nanometer or submicrometer size have
attracted considerable attention because of their potential
applications in a broad range of areas, such as delivery vehi-
cles for the controlled release of various substances, for ex-
ample drugs, cosmetics, dyes, and inks, and for the protec-
tion of biologically active macromolecules, artificial cells,
catalysts, fillers, coatings, pigments, light-weight structural
or low density materials, and waste removal owing to their
low density, large specific area, mechanical and thermal sta-
bility, and surface permeability.[1–5] A variety of chemical
and physicochemical approaches have been employed to
prepare hollow spheres, for example polymer, oxide, glass,
and ceramic materials, including nozzle systems to dispense
individual liquid droplets of uniform size (e.g. spray drying
or pyrolysis),[6] emulsion/phase separation techniques (usu-
ally associated with sol-gel processing),[7] emulsion/interfa-
cial polymerization strategies,[8] and self-assembly routes.[9]

Manganese sulfide (MnS), is a VIIB–VIA dilute mag-
netic semiconductor with a wide gap [bandgap energy: Eg

(T = 0) � 3.7 eV],[10] which has potential applications in
solar cells, as a window/buffer material, and in short-wave-
length optoelectronic materials. MnS usually has three
polymorphs:[11] α-MnS, with a rock-salt structure, and the
metastable phases β-MnS, with a zincblende structure, and
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cence. Experiments show that the reaction temperature, the
solvent, and the concentration and reducibility of the reduct-
ant are the crucial factors affecting the phase of the product.
A possible growth mechanism for the hollow sphere is pro-
posed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

γ-MnS, with a wurtzite structure. During equilibrium
growth techniques, MnS crystallizes in the stable α phase.
Both of the latter phases are antiferromagnetic, with Néel
temperatures of 152 K (β-phase) and 90 K (γ-phase), and
are transformed irreversibly into stable α-MnS upon heat-
ing.[12–16]

In previous studies, MnS is usually prepared by the direct
reaction of manganese (Mn) and sulfide in an evacuated
tube at high temperatures (above 800°C).[17] β- and γ-MnS
bulk phases have been prepared in polycrystalline form by
low temperature chemical synthesis or evaporation.[18,19]

The direct synthesis of polycrystalline β- and γ-MnS has
also been reported by gas source molecular-beam epitaxy
(MBE).[13,14] Metastable MnS thin films, which consist of
nanocrystallite domains with mixed cubic and hexagonal
phases, have been prepared by adopting a chemical bath
deposition (CBD) method,[20,21] and recently a solvother-
mal route has been used to grow stable α-MnS and rod-
like metabstable β- and γ-MnS nanocrystallites.[22] α-MnS
nanocrystallites have also been prepared by a colloidal syn-
thesis route by the reaction of MnCl2 and S[Si(CH3)3]2 in
trioctylphosphane oxide,[23] and α-MnS nanorods have been
prepared by a hydrothermal method from the elements
(manganese and sulfur powder).[24] However, to the best of
our knowledge, the metastable γ-MnS hollow sphere struc-
ture has not been reported.

In this paper, metastable γ-MnS hollow spheres are pre-
pared by a developed solvothermal reaction at 150–180°C
from anhydrous manganese chloride (MnCl2), sulfur pow-
der, and potassium borohydride (KBH4) as the reactants
and ethylene glycol (EG) as the solvent. The phase of the
as-formed MnS crystallites is influenced by the solvent, the
reaction temperature, and the concentration and reducibil-
ity of the reductant.
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Results and Discussion

Figure 1 shows the XRD patterns of as-prepared MnS
powders. The samples shown in parts a–d of Figure 1 were
prepared in EG. The diffraction peaks in Figure 1a can be
indexed as the hexagonal γ-MnS with lattice constants a =
3.981 and c = 6.423 Å, which are close to those reported for
γ-MnS [Joint Committee on Powder Diffraction Standards
(JCPDS), Powder Diffraction File No. 40-1289: a = 3.979
and c = 6.446 Å]. The average crystallite size of γ-MnS is
about 30 nm, as calculated from the Debye–Scherrer for-
mula. Figure 1 (parts b–d) are the XRD patterns of the
samples in which α-MnS and γ-MnS are coexistent. The
peak marked by an asterisk in part c of Figure 1 is derived
from MnCO3. In Figure 1 (e), the XRD pattern of the pro-
duct synthesized in N2H4·H2O, can be indexed as the cubic
α-MnS (RS) with a = 5.216 Å (JCPDS, Powder Diffraction
File No. 06-0518: a = 5.224 Å). We found that α-MnS grad-
ually becomes the dominant phase with an increase of the
reaction temperature, the concentration, and reducibility of
the reductant, or the complexing ability of the solvent.

Figure 1. XRD patterns of the as-prepared MnS samples with dif-
ferent phase(s) synthesized: (a) in EG at 180°C with a 3:5 molar
ratio of S and KBH4; (b) in EG at 240°C with a 3:5 molar ratio
of S and KBH4; (c) in EG at 260°C with a 3:10 molar ratio of S
and KBH4; (d) in EG at 260°C with a 3:20 molar ratio of S and
KBH4; (e) in EA at 180°C.

Figure 2 shows the XPS spectrum of as-synthesized γ-
MnS. The binding energies of Mn2p3/2 and S2p were found
to be 641.3 and 161.3 eV, respectively, which is consistent
with the values reported in the literature.[25] There are also
peaks for C reference and O impurity, due to the surface
absorption of the samples exposed to air during processing
of the samples. Direct elemental analysis for the composi-
tion of the sample was provided by ICP-AES, which gave
an Mn/S molar ratio of 1:1.034. These results show that the
product is stoichiometric.

Figure 3 (parts a and b) shows TEM images of the as-
prepared γ-MnS, which reveal that the product consists of
hollow spheres 300–500 nm in diameter; the wall thickness
around the shell is about 50 nm. The strong contrast be-
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tween the dark edges and pale centers is evidence of their
hollow structures.[1d,2b,26,27] The direct observation of a
broken sphere, as shown in Figure 3b, provides the most
powerful proof of the hollow nature. The corresponding
SAED pattern of the γ-MnS hollow sphere in Figure 3 (a)
shows seven diffuse diffraction rings, which can be charac-
terized as the (100), (002), (101), (102), (110), (103), and
(112) planes from inner to outer (Figure 3, c) and further
reveals the hexagonal γ-MnS polycrystals. The morphology
of the sample synthesized in EG at 260°C with a 3:10 molar
ratio of S to KBH4 was also examined. It consists of γ-MnS
hollow spheres and α-MnS cubes. Figure 3 (d) presents the
hollow and solid-sphere image of γ-MnS that was prepared
using manganese chloride tetrahydrate (MnCl2·4H2O) in-
stead of anhydrous MnCl2. The hollow spheres are clearly
far fewer than the solid spheres. Figure 3 (e) gives the TEM
image of α-MnS solid spheres prepared in EA at 180°C.
If the solvent is changed to EN, then α-MnS aggregates
consisting of many micron-sized rods are obtained. Figure 3
(f) presents the TEM image of an individual rod aggregate.
The corresponding ED pattern of a single rod (marked by
an arrow) reveals that the as-prepared sample is well crys-
tallized (see the inset).

Figure 4 shows the FE-SEM image of the γ-MnS broken
hollow sphere. From this image, we can observe that the
hollow sphere is structured with a lot of smaller particles,
which are about 30–40 nm in size. Figure 4 (b) is the SEM
image of γ-MnS hollow spheres and solid spheres. Accord-
ing to the difference of the hollow and solid sphere images,
it can also be determined that the hollow spheres are in a
very minor amount. The SEM photographs shown in Fig-
ures 4c and 4d are α-MnS solid sphere and α-MnS rod ag-
gregates, respectively, which correspond to the samples of
Figure 3 (parts e and f, respectively).

Figure 5 shows the room temperature PL spectra of the
as-prepared γ-MnS hollow spheres (Figure 5, a) and α-MnS
rod aggregates (Figure 5, b) with the same excitation wave-
length of 365 nm (a filter with 500 nm wavelength was
needed for γ-MnS). Figure 5 (a) exhibits a relatively strong
and wide emission band peaking at about 720 nm (1.7 eV).
In Figure 5 (b), an emission peaking at 435 nm (2.8 eV) can
be observed, which is similar to the bandgap of the bulk
counterpart.[23]

Table 1 summarizes the experiments and the effects of
changing the solvent, the reaction temperature, and the
concentration and reducibility of the reductant on the
phase of the product.

From the results above, it can be seen that the optimum
reaction temperature is 150–180°C. When the reaction was
performed in EG at 180°C with a 3:5 molar ratio of S and
KBH4, γ-MnS hollow spheres were formed after five hours,
whereas if the reaction temperature was reduced to 150°C,
then the reaction time had to be prolonged to 20 hours to
produce pure γ-MnS. In this reaction system, KBH4 is vital
to prepare γ-MnS, and if the reaction temperature was in-
creased above 200°C, α-MnS appeared. In the range of
200–260°C, the higher the temperature the greater the
amount of α-MnS is present in the product. In this reaction
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Figure 2. XPS spectra of the as-synthesized γ-MnS hollow spheres.

Figure 3. TEM images of as-prepared samples: (a) γ-MnS hollow
spheres with anhydrous MnCl2 as the reactant; (b) γ-MnS broken
hollow sphere; (c) ED pattern for (a); (d) γ-MnS hollow spheres
and solid spheres with MnCl2·4H2O as the reactant; (e) α-MnS
spheres with EA as the solvent; (f) α-MnS rod aggregates with EN
as the solvent (inset: the corresponding ED pattern of the single
rod marked by an arrow).

Figure 4. (a) FE-SEM image of γ-MnS broken hollow sphere and SEM images; (b) γ-MnS hollow spheres and solid spheres when
MnCl2·4H2O was used as the reactant; (c) α-MnS solid spheres when EA was used as the solvent; (d) α-MnS rod aggregates when EN
was used as the solvent.

system, the γ phase is readily obtained at low temperature
and the α phase at high temperature as at higher reaction
temperatures the metastable γ-MnS is transformed into
stable α-MnS.
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Figure 5. PL spectrum (λex = 365 nm) of the as-synthesized samples
for: (a) γ-MnS hollow spheres, and (b) α-MnS rod aggregates with
EN as the solvent.

When the system was maintained at an appropriate reac-
tion temperature above 200°C, and the amount of KBH4

was increased gradually, we also found that the content of
α-MnS in the product increased. It must be pointed out
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Table 1. Effects of the solvent, the reaction temperature, and the concentration and reducibility of the reductant on the phase of product.

Reaction temperature Solvent[a] Molar ratio of MnCl2/KBH4 Reaction time Product[b]

[°C] or the amount of N2H4·H2O [h]

150 EG 3:5 �20 γ-MnS
180 EG 3:5 �5 γ-MnS
220–240 EG 3:5 12 γ-MnS*, α-MnS
250–260 EG 3:10~15 12 γ-MnS, α-MnS
250–260 EG 3:20 12 γ-MnS, α-MnS*
180 EG 5 mL of N2H4·H2O 12 γ-MnS, α-MnS*
180 EG 10 mL of N2H4·H2O 12 α-MnS
180 EA 3:5 12 α-MnS
180 EN 3:5 12 α-MnS

[a] EG stands for ethylene glycol, EA for ethanol amine, and EN for ethylenediamine. [b] * indicates the dominant phase in the product.

that a large excess of KBH4 (e.g. 10–20 mol) and a high
reaction temperature (e.g. 240–260°C) also resulted in the
appearance of MnCO3. If KBH4 was replaced by the
stronger reductant N2H4·H2O, α-MnS was obtained easily
along with a small quantity of γ-MnS; an increase of the
amount of N2H4·H2O gave pure α-MnS. These results re-
veal that a stronger reductant and higher concentration are
beneficial for the formation of α-MnS.

The influence of the solvent on the phase of the product
was also studied. If EA and EN were used as the solvent,
keeping the other conditions identical, the sample obtained
was α-MnS. The amido groups in EA and EN, which have
a strong N-chelation ability, form a relatively stable Mn2+

complex, which is favorable for the transformation to the
stable form. N2H4·H2O also has an amido group, so when
it was used as the reductant α-MnS also formed.

Scheme 1 illustrates the possible mechanism for the for-
mation of γ-MnS hollow spheres. In the detailed procedure,
solid-state sulfur powder could be transformed into tiny
spherical sulfur liquid droplets dispersed in the EG solvent
to form a heterogeneous liquid–liquid two-phase mixture
on account of the surface tension[28,29] at temperatures
above the melting point of sulfur (120°C at normal atmo-
sphere) in the autoclave. Sulfur acts as the template for the
fabrication of γ-MnS hollow spheres, as well as the sulfur
source. Around the sulfur liquid droplets, BH4

– and Mn2+

dissolved in EG react with them on the surface. BH4
– can

readily serve as a hydride and electron transfer agent,[30]

which reduces elemental S to S2– and forms MnS with
Mn2+. Experiments showed that elemental S can be reduced
to S2– by BH4

– even in the absence of Mn2+ ions in this
system, although Mn2+ ions could shift the redox reaction
equilibrium to the forward reaction direction. The interface
reaction results in the consumption of liquid sulfur droplets
and the formation of γ-MnS hollow spheres. With the in-
crease of the reaction temperature and the amount of
KBH4, α-MnS cubes were simultaneously obtained besides
γ-MnS hollow spheres. The anisotropy of hexagonal γ-MnS
should support the aggregation of the γ-MnS nanoparticles
into spheres, while the formation of α-MnS cubes is maybe
due to the growth character based on the cubic structure of
α-MnS. In addition, compared with γ-MnS, α-MnS is high-
temperature phase, and its nucleation velocity is smaller, so
it is relatively difficult to be aggregated and tends to form
bigger crystals.
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Scheme 1. Schematic illustration of the possible growth mechanism
for γ-MnS hollow spheres.

The crystallization water of the reactant evidently affects
the morphology of the final product. When MnCl2·4H2O
was used without prior dehydration, then γ-MnS solid
spheres and a small number of hollow spheres were ob-
tained, as shown in Figure 3 (c) and Figure 5 (a). In the
presence of the crystallization water, the reaction was ac-
celerated owing to hydrolysis of BH4

– with the generation
of hydrogen. This reaction even occurs very rapidly at room
temperature. What’s more, the higher the water temperature
and the smaller the ratio of water to borohydride, the more
rapid the hydrolysis.[31–34] In this system most of the sulfur
probably reacts with BH4

– and Mn2+ before the formation
of the tiny liquid sulfur droplets.

4S(s) + BH4
– + 2 H2O � BO2

– + 4 S2– + 8 H+

S2– + Mn2+ � MnS
This causes the fabrication of the γ-MnS solid spheres.

With an increase of temperature, the remaining sulfur forms
the liquid droplets that act as the template for the formation
of γ-MnS hollow spheres.

Sulfur is readily soluble in EA or EN therefore the liquid
sulfur droplets can’t form and hence the γ-MnS hollow
spheres aren’t obtained.

Conclusions

In summary, metastable γ-MnS submicrometer hollow
spheres and α-MnS spheres have been successfully synthe-
sized by a solvothermal method. The reaction temperature,
the solvent, and the concentration and reducibility of the
reductant strongly influence the phase(s) of the product.
The photoluminescence of the γ-MnS hollow spheres and
α-MnS rod aggregates has been investigated at room tem-
perature using the same excitation line at 365 nm. A pos-
sible growth mechanism for the hollow structure has also
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been tentatively proposed on the basis of the experimental
results. A further exploration of the growth mechanism for
the hollow structure, the control of the reaction kinetics,
and the morphology of α-MnS are underway.

Experimental Section

All the chemical reagents were of analytical grade and were pur-
chased from Shanghai Chemical Reagent Company and used without
further purification. Anhydrous MnCl2 was obtained by the dehy-
dration of MnCl2·4H2O with thionyl chloride as dehydrating agent.

Preparation of Metastable γ-MnS Hollow Spheres: Typically, a slight
excess of anhydrous MnCl2 (0.4 g) was dissolved in 20 mL of EG.
Sulfur powder (0.096 g) and KBH4 (0.27 g) with a 3:5 molar ratio,
together with the above solution, were put into a 60-mL Teflon-lined
autoclave, which was then filled with EG up to 85% of the total
volume. The autoclave was sealed quickly and maintained at 150–
180°C for 5–24 h, and then cooled to room temperature naturally.
The products were filtered off, washed with absolute ethanol and
distilled water several times to remove impurities, and dried in vacuo
at 60°C for 4 h.

When 10 mL of 80% (wt.) hydrazine hydrate (N2H4·H2O) solution
was used instead of KBH4, or the solvent EG was replaced by etha-
nol amine (EA) or ethylenediamine (EN), then α-MnS was obtained.

Sample Characterization: The X-ray powder diffraction (XRD) pat-
terns were recorded on a Philips X’pert PRO SUPER dif-
fractometer with Cu-Kα radiation (λ = 1.541874 Å). The X-ray
photoelectron spectra (XPS) were recorded on a VGESCALAB
MK II X-ray photoelectron spectrometer, using Mg-Kα radiation
as the excitation source. Field-emission scanning electronic micro-
scopy (FE-SEM) measurements were recorded with a field-emis-
sion microscope (JEOL, 7500B) operating at an acceleration volt-
age of 10 kV. The scanning electron microscopy (SEM) images were
taken with an X-650 scanning electronic microanalyzer. The trans-
mission electron microscopy (TEM) images and selected area elec-
tron diffraction (SAED) patterns were obtained with a Hitachi H-
800 transmission electron microscope, using an accelerating voltage
of 200 kV. Photoluminescence (PL) spectra of the sample were ob-
tained on a Hitachi F-4500 fluorescence spectrophotometer at
room temperature.
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