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Abstract: Hexagonal y-MnS nanorod crystals of different diameters and length scales were hydrothermally

synthesized in the presence of biomolecule L-cysteine and Mn(Il) salts, and characterized by X-ray powder diffraction

(XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The effects of different

anions on the formation of hexagonal y-MnS nanorods were discussed to show the importance of a precursor in

synthesizing such nanomaterials.
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One-dimensional (1D) nanostructured materials are
receiving growing attention because of their unique op-
tical, electronic and magnetic properties for applica-
tions as nanodevices!' . Especially, 1D semiconductor
nanomaterials are important building blocks for fabri-
cation of active and integrated nanodevices. So far, var-
ious methods for the preparation of 1D nanomaterials

have been reported™.
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As a VIB-VI A semiconductor, manganese sulfide
(MnS) with a band gap energy of 3.2 eV at room tempera-
ture has potential applications in solar cells as window/
buffer materials, short wavelength optoelectronic mate-
rials and diluted magnetic semiconductors (DMS)” 19,
Crystallographically, MnS can exist in three forms: the
stable green a-MnS with a rock-salt structure and two

metastable tetrahedral structures, namely, the spha-
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lerite B-MnS and wurtzite y-MnS™. Upon heating, both
of the two metastable phases can be transformed irre-
versibly to stable a-MnS !>, The synthesis of MnS
nanocrystals, thin films, spheres and hollow shperes has
been described ®'**-¥1. 1D MnS nanostructures were
also reported in the above cited literatures, these 1D
MnS nanostructures could be synthesized using ther-
molysis", template synthesis™, solvothermal and hy-
drothermal synthesis™ > and chemical vapour deposi-
tion(CVD) methods ™), Tt has been reported that the
sulfur source plays a key role in forming nanostructured
MnS materials®®. On the other hand, the counter anion
of metal salts has also been observed to play a role in
the formation of MnS nanostructures due to the com-
plicated nature of the hydrothermal synthesis@.. Al-
though the synthesis of hexagonal wurtzite MnS

1 the synthesis of

nanocrystals has been described
hexagonal y-MnS nanorod and nanowire single crystals
has not been reported to the best of our knowledge.
Biomolecule-assisted synthesis is believed to af-
ford controllable properties of the resultant nanostruc-
tures!"®**', For example, glutathione has been employed
as both sulfur source and assembling molecule to syn-
thesize novel hierarchical nanostructures of Bi,S; under
hydrothermal conditions”". Recently, metastable y-MnS
porous networks have been synthesized using biomol-
ecule L-cysteine!™. The functional groups, -SH, -COOH
and -NH,, in the cysteine molecule were found to play a
crucial role in the synthesis of the porous MnS struc-
tures ™. However, the fine regulation of the effects of
the counter anions is still an interesting subject in the
controllable fabrication of MnS nanostructures. In this
work, we experimentally examined the effect of differ-
ent Mn(Il) salts, including Mn(NO;),, MnSO,, and Mn
(CH;COO0),, on the formation of y-MnS nanostructure in
a hydrothermal system in the presence of biomolecule
L-cysteine. The formation mechanism of y-MnS nano-

rods was also discussed.

1 Experimental

All chemicals, including alcohols, Mn(NOs),(aque-
ous solution, 50%), MnSO, - H,0, Mn(CH;COO),-4H,0,

and L-cysteine were of analytical grade and used with-

out further purification. In a typical synthesis, aqueous
Mn (NOs), solution (1.07 g, 3 mmol), distilled water
(30 mL) and L-cysteine(CsH;NS)(0.363 g, 3 mmol) were
mixed under stirring. After 5 min, the mixture was
transferred to a 40 mL teflon-lined autoclave. Hy-
drothermal synthesis was carried out in an oven at
150 °C for 24 h. The solid was collected and washed
with distilled water and absolute ethanol, dried in an
oven at 60 °C for 6 h. The molar ratio of Mn over S in all
synthesis recipes was 1 unless otherwise specified.
X-ray powder diffraction(XRD) measurements were
determined using a Bruker D8 advanced X-ray diffract-
meter equipped with graphite monochromatized Cu Ko
radiation(A=0.154 18 nm) and Ni filter from 10° to 80°
(26) and operated at 40 kV and 40 mA. Scanning elec-
tron microscopy (SEM) images were taken with a JSM-
6390LV scanning electron microscope operated at
20 kV. Transmission electron microscopy(TEM) images
were obtained with a JEM-2000EX transmission elec-
tron microscope operated at 160 kV with the distance of

80.0 cm for electron diffraction.
2 Results and discussion

MnSO, and

Mn (NOs), were used as Mn sources and the synthesis

Pink solids were obtained when

temperature was 150 °C, but dark red solids were har-
vested under all other experimental conditions. The
powder X-ray diffraction (XRD) patterns of the solid
products synthesized using different Mn (I) salts are
shown in Fig.1. The diffraction peaks of the precipi-
tates in Fig.1A, C and F can be clearly indexed to
hexagonal y-MnS phase(PDF 40-1289) from the L-cys-
teine systems with Mn(NO3),, MnSO,4 and Mn(CH;COO),
at 150 “C, respectively. The sharp diffraction peaks
reveal a good crystallinity of the metastable y-MnS
phase in the products.

When the synthesis temperature is increased to
180 °C, the main peaks of hexagonal y-MnS phase are
still seen from the XRD patterns of the samples using
Mn (NO;), and Mn (CH;COOQ), as the Mn precursor, as
shown in Fig.1B and G, respectively. However, two ob-
vious peaks with the 26 values of 34.50° and 49.30° can
be observed for the MnS samples from the MnSO, and
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Fig.1 XRD patterns of the MnS nanostructures,

synthesized from the L-cysteine systems for

24 h with Mn(NO),[150 °C, (A), 180 C, (B)],

MnSO,150 °C, (C), 180 C, (D), 8h; E, (PDF

06-0518)] and Mn(CH,COO), [150 C, (F),

180 °C, (G)]
L-cysteine systems at 180°C for 24 h (Fig.1E), which
can be ascribed t0(200) and(220) peaks of a-MnS phase
(PDF 06-0518), respectively, indicating that the syn-
thesizing temperature played a crucial rule on the for-
mation of pure MnS phases. Furthermore, no obvious
peaks of a-MnS phase can be found for the same sys-
tems if the reaction time was 8 h(Fig.1D). These results
indicated that the phase transition of y-MnS to a-MnS
was occured during the hydrothermal reaction process
with the temperature up to 180 °C. And the anions of
Mn(Il) salts could indeed contribute to the phase transi-

tion of y-MnS to a-MnS as the transition temperatures
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maybe different for the studied L-cysteine systems!"®. If
the temperature was increased to more than 200 °C, the
pure a-MnS phase can be obtained®,

Fig.2 shows the typical SEM images of the MnS
products. It can be seen that uniform hexagonal y-MnS
nanorods with diameters of 300~500 nm and lengths up
to over ten micrometers are formed using the Mn(NO3),
and L-cysteine systems at 150 °C(Fig.2A). At the same
synthesis temperature, the use of MnSO, as the Mn
source leads to MnS nanorods with a larger diameter
(500 ~800 nm) and a longer length (up to 15 pwm) as
shown in Fig.2C. When Mn(CH;COO), is used, however,
sphere aggregates of small hexagonal MnS nanorods of
about 100 nm in diameter and 300~1 000 nm in length
can be obtained(Fig.2E). It has been reported that tor-
tuous wire-like y-MnS nanostructures and the y-MnS
porous networks with small amount a-MnS phase are
obtained using MnCl, in the presence of L-cysteine at
the temperatures between 120 °C and 150 C"™l, Ac-
cording to our experimental data, pure hexagonal
v-MnS nanorods are formed at 150 °C, while the mor-
phology of the resultant MnS nanostructures is changed
greatly with the temperature up to 180 “C. Disordered
aggregates instead of nanorods are observed for the
Mn(NO;), systems(Fig.2B), while the contracted nanosp-
heres composed of disordered nanoparticles are ob-

served from the Mn(CH;COO), systems (Fig.2F). Simi-
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Fig.2 Typical SEM images of the as-prepared y-MnS structures from the homogeneous L-cysteine systems

with Mn(NO;)A and B), MnSO,(C and D) and Mn(CH;COO),(E and F). The synthesis temperature of
samples A, C, and E is 150 °C and the lefi(B, D, F) is 180 C
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larly, no characteristic nanostructures are formed for the
MnSO, system, in which the phase transition of a-MnS
to y-MnS is occured obviously (Fig.2D). These results
further show that different counter-anions in Mn(Il) salts
and the reaction temperatures play important roles in
controlling the ultimate MnS nanostructures.

Fig.3 shows typical TEM images and SAED
patterns of the metastable MnS nanostructures. Fig.3A ~
B show the y-MnS nanorod crystals with about 500 nm
in diameter and 3~5 pm in length synthesized using
Mn (NOs), and MnSO, as Mn sources, respectively. The
occurrence of the side edges in the up head of the
nanorods confirmed the hexagonal nature of the synthe-
sized nanostructures. For the y-MnS nanostructures fab-

ricated from Mn (CH;COO), systems, the side length is
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decreased to ~100 nm and the nanorods could be ex-
tended to several hundred nanometers. These results are
in good agreement with the SEM data. From the SAED
patterns shown in the insets of Fig.3A ~C, the nanorod
can be identified as the[110] zone axis projection of the
reciprocal lattice of y-MnS phase. And it can be con-
cluded that the rods grow along the ¢ direction of the MnS
lattice. This orientation of the y-MnS nanorods should be
similar to those of hexagonal wurtzite CdSe nanorods®.
Under the hydrothermal condition at 180 °C, the growth
of the metastable y-MnS nanostructures may be kineti-
cally driven and the crystal phase transition of y-MnS to
a-MnS is occurred. Consequently, the MnS nanorod sin-
gle crystals can not be formed and disordered nanoparti-

cles are observed for all the systems(Fig.3D~F).

200 nm 100 nm

Fig.3 Typical TEM images of the as-prepared y-MnS nanostructures from the homogeneous L-cysteine systems
with Mn(NO;), (A and D), MnSO, (B and E) and Mn(CH;COO), (C and F). The reaction temperature of
samples A, B, and C is 150 °C and D, E, F is 180 °C.

Fig.4 shows the SEM images of the y-MnS nanos-

tructures of Mn(NO3), systems with different molar ratios

of Mn to S at 150 °C. Tt can be seen that the hexagonal

nanorods with the ny,/ns ratio of 2:1(Fig.4A) are almost
the same as those of the ny./ng ratio of 1:1. However, the

morphology changes to somewhat irregular nanostruc-
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Fig.4 SEM images of the as-prepared MnS

nanostructures from the Mn(NOs), and

L-cysteine system at 150 °C with the molar

ratios of Mn to S being 2:1(A) and 1:2(B)
tures obtained from the ny,/ns ratio of 1:2(Fig.4B). These
results indicate that the molar ratio of Mn(NO;), to L-
cysteine has strong effect on the coordination of Mn(II)
and the functional groups of L-cysteine!™, and the coor-
dination have contribution to the resultant MnS nanos-
tructures.

As the L-cysteine molecule contains three func-
tional groups, -SH, -COOH and -NH,, metal ions have
the strong tendency to coordinate with such groups™.
From the results above and reported in the literature!,
it is no doubt that the formation of these hexagonal
nanostructures is relevant to the coordination interac-
tion between Mn(Il) ions, counter anions and L-cysteine
molecules. To further investigate the mercapto group on
the fabrication of MnS nanostructures, the racemic me-
thionine molecules are used in our experiments and no
precipitate can be observed even if the reaction tem-
perature is increased to 200 °C. And no rod-like struc-
tures can be found also if the tetrahydrothiophene is

used as the sulphur source.

The experimental data also show that the anions
of Mn(Il) salts affect the morphology of the y-MnS
nanostructures. According to Ref.!™, tortuous y-MnS
nanowires are formed when MnCl, is used. Hexagonal
v-MnS nanorods are obtained when the anions become
NOs~, SO,*, or CH;COO™ at the otherwise identical syn-
thesis conditions. Furthermore, the diameter and length
scales of the y-MnS nanorod crystals are gradually in-
creased with the order of CH;COO~, NO;~, and SO,
ions. These indicate that the nature of different anions
could contribute to the formation of the y-MnS nanos-
tructures, similar to other metal sulfide nanomaterials.”®
It is suggested that the CH;COO™ ions has strong coor-
dination ability with the metal ions leading to the for-
mation of smaller sized hexagonal y-MnS nanorods.
And it is also suggested that one Mn(Il) ion may coordi-
nate with one L-cysteine molecule to form the hexagonal
nanorod crystals. This preassumption can be supported
by the results through changing the molar ratios and
that hexagonal y-MnS nanocrystal could be formed
through the reaction of MnCl, and element sulfur in
oleylamine with the molar ratio of 3:1 as reported by
Hyeon et al™. In our experiments, the straight hexago-
nal y-MnS nanorods can also be obtained with the mo-

lar ratio of Mn over S in the raw materials higher than 1.

3 Conclusions

Hexagonal y-MnS nanorod crystals with different
diameters and length scales were synthesized by a L-
cysteine-assisted  hydrothermal  synthesis  method
through changing the Mn(Il) salts. And the counter ions
of Mn(Il) salts are contributed to the formation of the
different y-MnS nanorods, showing the importance of a
precursor in synthesizing nanostructures. Furthermore,
the crystal phase transition of y-MnS to a-MnS can be
detected and irregular nanoparticles are formed with the

temperature increased.
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