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CoySg hexagonal aggregations were synthesized in hydrazine hydrate (N,H,+H,O) solvent at 150 °C for 12 h using
cobalt(Il) sulfate hydrate (CoSO4-7H,0) and sodium sulfite (Na;SOs3) as starting materials through a hydrothermal con-
trolled-reduction method. The as-prepared samples were characterized by X-ray diffraction (XRD), field-emission scan-
ning electron microscopy (FE-SEM), and transmission electron microscopy (TEM), and their magnetic properties were
evaluated on a vibrating sample magnetometer (VSM). The results showed the samples were mainly composed of CogSg
hexagonal aggregations with an average diameter of 2.2 um and a thickness of 200 nm. About 3 nm CoySg nanocrys-
tallites deposited on its single-crystal flakes. The products exhibited ferromagnetism; the saturation magnetization (M)
and coercivity (H.) values of the samples were 80 emu/g and 320 Oe, respectively. The possible formation mechanism

of CogSg hexagonal aggregations is discussed.

There are many phases of cobalt sulfides, such as CoS,
Co3S4, CoS,, and CogSg. Among them, CogSg and CoS, have
attracted attention concerning their properties for a long time.!
CoySg is of importance in hydrodesulfurization catalysts and
magnetic devices.” Usually, cobalt sulfides are synthesized us-
ing solid state reactions between stoichiometric amounts of the
constituent elements in evacuated silica tubes in the tempera-
ture range 500-1200 °C,>* but a higher firing temperature
process will lead to a larger particle size and inhomogeneity,
and it is difficult to obtain single phases of these sulfides.

Cobalt sulfides could also be prepared by the reaction of co-
balt or cobalt monoxide with hydrogen sulfide.>® Although
many routes have been shown to prepare cobalt sulfides, the
conditions for obtaining CogSg are not very specific. To our
knowledge, a mid-temperature synthesis route of CogSg has
been reported involving the treatment of anhydrous cobalt sul-
fate salt in a flowing gas of hydrogen sulfide and hydrogen at
525 °C,” but there are few reports about the formation of
CoSg by a low-temperature hydrothermal method.® Hydro-
thermal synthesis is one of the promising solution chemical
methods, by which the particle size and phase homogeneity
can be well controlled.>'® Here, we report on a low-tempera-
ture facile synthesis of CogSg hexagonal aggregations using
low-cost sodium sulfite (Na,SO3) to supply a sulfur source
and hydrazine hydrate (N;H4-H,O) as a reducing and com-
plexing agent through a hydrothermal controlled-reduction
method.

Experimental

All analytical grade reagents were purchased from Shanghai
Chemical Company and used without further purification. In a
typical procedure, cobalt(Il) sulfate hydrate (CoSO4-7H,0,
0.879 g) was dissolved in 20 mL of distilled water; then, sodium

sulfite (Na;SOs3, 0.326 g) was added under stirring, followed by
adding 15 mL of hydrazine hydrate (N;H4-H>O, 80 vol %) to
form a mixture. The mixture was strongly stirred for 30 min at
room temperature, and then transferred into a Teflon-lined stain-
less-steel autoclave with a capacity of 60 mL, which was filled
with distilled water up to 80% of the total volume. The autoclave
was sealed and maintained at 150 °C for 12 h. The system was
then allowed to cool to room temperature naturally. Black prod-
ucts were collected by filtration, washed with distilled water and
absolute ethanol several times. The final products were dried un-
der a vacuum at 60 °C for 3 h.

The X-ray powder diffraction (XRD) pattern was recorded on a
Japan Rigaku D/max-yA X-ray diffractometer using Cu K« radi-
ation (4 = 1.5418 A). A field-emission scanning electron micro-
scope (FE-SEM) measurement was carried out with a field-emis-
sion microscope (JEOL, 7500B) operated at 10 kV. Transmission
electron microscope (TEM) images were taken using a Hitachi
Model H-800 transmission electron microscope operated at 200
kV. The magnetization loop was measured at room temperature
using a BHV-55 vibrating sample magnetometer (VSM).

Results and Discussion

Figure 1 shows a typical XRD pattern of the as-prepared
samples. All of the diffraction peaks in Fig. 1 can be well in-
dexed to a pure cubic phase of CogSg [space group: Fm3m
(225)] with a lattice constant of ¢ = 9.926 A, which is in good
agreement with the literature value of a = 9.928 A (JCPDS
cards, No. 73-1442). No characteristic peaks of impurity pha-
ses, such as CoO and other cobalt sulfides, are observed. The
average crystalline size of the samples, estimated by the Scher-
rer equation with a shape factor of 0.89 applied, is about 3 nm.
In addition, the changes of the intensity ratio in the present
case imply that the as-prepared samples may have orientation.

Figure 2 shows FE-SEM images of the as-prepared samples.
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The pictures indicate that the products display hexagonal pla-
telets with an average diameter of 2.2 um and a thickness of
200 nm, respectively. TEM observation shows that the samples
are mainly composed of many CogSg hexagonal aggregations,
and there are a number of small CogSg particles on hexagonal
aggregations [Figs. 3a, 3b]. The hexagonal aggregations are
about 2.2 um in diameter and 200 nm in thickness, respective-
ly, which is consistent with FE-SEM results. In Fig. 3c, the
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Fig. 1. XRD pattern of the as-prepared samples.
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corresponding electron diffraction (ED) pattern was taken
from a single hexagonal aggregation. In the pattern, there are
obvious polycrystalline diffraction rings, which from the inner-
most to the outmost correspond to the (111), (311), (222),
(331), (422), (511), (440), and (622) diffraction of cubic
CoySg, and the d values deduced from this figure agree well
with that of the XRD pattern. It can be considered that the pre-
pared hexagonal aggregations consist of CogSg nanocrystal-
lites.

During the formation of CogSg products, we make use of re-
dox reaction to control S~ concentration, which can be shown
as follows:

2 8032”4+ 3 NyHy — 2 $*” +3 N, 4 6 H,0. (1)

Based on the values of E°, the standard potential of the
S03%~/S*™ couple in alkaline solutions is —0.61 V. The poten-
tial for the redox couple N,H4/N, (—1.16 V) is negative
enough for the SO3%>~ reduction to S*>~. When N,H,-H,O is
added, the [Co(N,Hy),,]** complex will be formed.''> Newly
produced S*~ will react with the [Co(N,Hy),,]** complex, and
then form the CoySg products. No other phases are produced;
one possible reason is that the formation of [Co(NHy),,]>*
leads Ecy+/c, to decrease greatly. It is difficult to produce

Fig. 2.

(a)

(a) FE-SEM images of the as-prepared samples. (b) An enlargement of selected area of the as-prepared samples.

Fig. 3. TEM images of the as-prepared samples. (a) a single hexagonal aggregation, (b) selected area of a single hexagonal aggre-

gation, (c) ED pattern of a single hexagonal aggregation.
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elemental cobalt and other cobalt sulfides; another reason is
that CogSg has a large stability, which results mainly from
the formation of a structure-induced pseudogap at the Fermi
energy,'? and the larger heat of formation compared to that
of the other cobalt sulfides.'*

During the initial stage of reduction, the nucleation rate of
CoySg in the autoclave is slow because of the lower concentra-
tion of S~ anions and the crystallinity of CooSg is good. Thus,
some of the Co¢Sg single crystallite would be gradually
formed in the system. The as-formed CogSg single crystalline
may be grown gradually to form various layer-structure single-
crystal flakes, such as a monolayer (Fig. 4a), a bi-layer
(Fig. 4b), or multilayers (Fig. 4c). Using TEM, we observed
the structure of a monolayer CogSg single-crystal flake
(Fig. 4a), and found that it is highly sensitive to beam expo-
sure. Its structure can be destroyed after several seconds of in-
tensive electron beam irradiation. Figure 4d shows a corre-
sponding electron diffraction (ED) pattern of a monolayer
CoySg single-crystal flake, displaying single-crystal electron-
diffraction spots and polycrystalline electron-diffraction rings.
The single-crystal electron diffraction spots are formed when a
monolayer CogSg single-crystal flake is exposed to intensive
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electron-beam irradiation. After several seconds, polycrystal-
line electron diffraction rings appear, which can be indexed
to a cubic CoySg phase. From the single-crystal electron dif-
fraction spots, we can deduce that the crystal belt axis of the
CoySg single-crystal flakes is [111]. A further analysis of the
electron diffraction about CogSg single-crystal flakes will be
difficult because of its beam sensitivity.

With CogSg single-crystal flakes formation, we deduced that
the reaction (1) rate may become fast for a period of time, and
more S?~ anions would be produced during this stage. There-
fore, because the CogSg nucleation rate is expedited, it is easy
to form polycrystalline CoySg. On the other hand, the possibil-
ity of CogSg nucleation on the surface of hexagonal CogSg sin-
gle-crystal flakes is larger than that in the solution, because the
CoySg nucleation energy on the surface of hexagonal CogSg
single-crystal flakes is lower than that in the solution. There-
fore, many CogSg polycrystallites will be formed on the sur-
face of hexagonal CogSg single-crystal flakes, forming CogSg
hexagonal aggregations.

The above process, outlined in Fig. 5 for the formation of
CoySg hexagonal aggregations, can be divided into three main
steps: (1) the formation of hexagonal Co¢Sg single-crystal
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Fig. 4. TEM images of the as-prepared CoySg single-crystal flakes (a) monolayer, (b) bi-layer, (c¢) multilayer, (d) ED pattern of a

monolayer CoySg single-crystal flake.
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Fig. 5. The whole process presentation of CogSg hexagonal aggregations: (a) hexagonal CogSg single-crystal flake, (b) the nucle-
ation on the surface of hexagonal CoySg single-crystal flake, (c) CoygSg hexagonal aggregations.
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Fig. 6. The room temperature M—H hysteresis loop of the
products with an external magnetic field applied.

flakes; (2) CoySg crystalline nucleation formation on the sur-
face of hexagonal CogSg single-crystal flakes; and (3) the for-
mation of CogSg hexagonal aggregations.

Figure 6 shows the room-temperature M—H hysteresis loop
of the products with an applied external magnetic field. The
saturation magnetization value (M) for samples with an exter-
nal magnetic field is 80 emu/g, and the coercivity value (H,)
for the samples is 320 Oe. It can therefore be deduced that
the CogSg products exhibit ferromagnetism, which belong to
soft magnetic materials because of the lower coercivity value.

Conclusion

CoySg hexagonal aggregations were prepared by reactions
between cobalt(Il) sulfate hydrate (CoSO4-7H,0) and sodium
sulfite (Na,SO3) through a hydrazine hydrate (N,H4-H,0)
thermal process at 150 °C for 12 h. The XRD pattern indicated
that the products were cubic CogSg single phase. FE-SEM and
TEM images showed that the as-prepared samples were mainly
composed of Co¢Sg hexagonal aggregations consisting of
CogSg nanocrystalline with an average size of 3 nm. The pre-
pared CogSg hexagonal aggregations were about 2.2 um in di-

ameter and 200 nm in thickness. The magnetic measurements
indicated that the products had ferromagnetism. The prepared
sample suggests many possible applications in magnetic de-
vices and catalysis.
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