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Introduction

In the past few years, hollow nano- and microspheres with
well-defined architectures have aroused more and more in-
terest due to their special properties and promising applica-
tion in efficient catalysts, drug-delivery carriers, photonic
crystals, water treatment, lithium ion batteries materials, and
so forth.[1] Recently, template-assisted approaches have usu-
ally been employed for preparing hollow spheres by using

soft templates such as vesicles,[2] emulsion droplets,[3] and
gas bubbles,[4] as well as hard templates such as silica,[5] poly-
styrene (PS) spheres,[6] resin spheres,[7] carbon spheres,[8] and
so on. However, the above two-step template synthesis pro-
cedure has some disadvantages related to its being time-con-
suming, and having high cost and low reproducibility, which
restrains the scale-up of its industrial applications. There-
fore, developing one-pot solution routes for the preparation
of hollow spheres still remains a major challenge and cur-
rently much effort is being devoted to establishing template-
free chemical processes, based on the Kirkendall effect,[9]

Ostwald ripening,[10] chemically induced self-transforma-
tion,[11] and galvanic replacement[12] to synthesize hollow
spheres in a cost-effective and high-output way.

Semiconductor transition-metal chalcogenides are of great
interest because of their potential wide-ranging applications
in fields such as optical sensors,[13] optoelectronic devices,[14]

magnetic devices,[15] and catalysts.[16] Among a variety of
transition metal sulfides, Co9S8 is an effective hydro-desul-
furization catalyst,[17] and is found to have the highest cata-
lytic activity for the oxygen reduction reaction (ORR) in
acidic solution.[16,18] The charge and discharge capabilities of
Co9S8

[19] have already been studied, and show that Co9S8 is a
promising cathodic material for lithium ion batteries; the
study of the magnetic properties of Co9S8 shows the poten-
tial application of Co9S8 in a magnetic field.[20] Due to the
important application of Co9S8 in various domains, Co9S8
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materials have attracted more and more attention in the
field of materials science. Although Co9S8 nanoparticles[21]

and hollow Co9S8 nanospheres[9,22] have been fabricated and
investigated recently, to the best of our knowledge, hierarch-
ical hollow Co9S8 microspheres assembled by quasi-hexangu-
lar nanoplates based on template-free chemical synthesis, as
well as their properties, have not been reported previously.

In this paper, hollow Co9S8 microspheres constructed by
quasi-hexangular nanoplates have been synthesized on a
large scale by a solvothermal reaction in a mixed solution
system,[23] using CoCl2·6 H2O and C2H5NS as raw materials.
The volume ratio of triethylenetetramine (TETA) and de-
ionized water (DIW) has a significant influence on the mor-
phology of the product, and a certain volume ratio of TETA
to DIW is essential for the formation of hollow Co9S8 micro-
spheres. Their magnetic properties, discharge capability of
Co9S8 hollow microspheres as cathode materials for lithium
ion batteries, and electrocatalytic activity for oxygen reduc-
tion reaction (ORR) have been studied.

Results and Discussion

Synthesis of hollow hierarchical Co9S8 microspheres in a
binary solution : Hierarchical hollow Co9S8 microspheres can
be synthesized directly by a simple solvothermal process in
a binary solution. The X-ray diffraction (XRD) pattern of
as-prepared Co9S8 microspheres is shown in Figure 1. The

strong and sharp diffraction peaks in the XRD pattern indi-
cate that the obtained products are well crystallized. All the
reflection peaks can be indexed to a pure cubic phase of
Co9S8 with a lattice parameter of a=9.907 �, which is con-
sistent with the reported values (Joint Committee on
Powder Diffraction Standards (JCPDS), Powder Diffraction
File No: 86-2273).

The lower magnification of the SEM images in Fig-
ure 2 a,b show that a typical sample is composed of abun-

dant hollow Co9S8 microspheres, which maintain a well-pre-
served spherical morphology with a diameters of �10–
12 mm. A typical microsphere is shown in the magnified
SEM image in Figure 2 c, and more details can be found in
Figure 2 d, which demonstrate that the exterior of each
hollow microsphere is composed of abundant randomly as-
sembled quasi-hexagonal nanoplates, as well as loose and
porous interiors.

The nanostructure of the Co9S8 quasi-hexagonal nano-
plates obtained by sonication of the Co9S8 hollow micro-
spheres was further investigated by TEM and high-resolu-
tion TEM (HRTEM). As shown in Figure 3 a,b, some quasi-

Figure 1. XRD pattern of Co9S8 hollow microspheres prepared by a sol-
vothermal reaction in a mixed solvent at 180 8C for 12 h. [CoCl2]=

[TAA] =0.04 mol L�1, VTETA:VDIW =1:1.

Figure 2. FESEM images of Co9S8 hollow microspheres prepared by a
solvothermal reaction in a mixed solvent. VTETA:VH2O =1:1. [CoCl2]=

[TAA] =0.04 mol L
�1. a,b) lower magnification; c,d) higher magnification.

Figure 3. a) TEM image of quasi-hexagonal Co9S8 nanoplates; b) a typical
quasi-hexagonal plate. c) Selected area electron diffraction pattern and
d) an HRTEM image taken on a typical Co9S8 nanoplate marked by the
white rectangle in b). The sample was prepared by a solvothermal reac-
tion in a mixed solvent at 180 8C for 12 h, VTETA:VH2O =1:1. [CoCl2]=

[TAA] =0.04 mol L�1.
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hexagonal nanoplates with a size of �100 nm can be ob-
served. Figure 3 c shows the select area electron diffraction
(SAED) pattern taken along the [12̄1] zone axis from part
of such a Co9S8 nanoplate labeled by the white rectangle in
Figure 3 b, which shows the face-centered Co9S8 phase and
single-crystalline nature of the Co9S8 nanoplate. The en-
larged lattice-resolved HRTEM image shown in Figure 3 d
(the area marked by the white rectangle in Figure 3 b) indi-
cates that the spacing of the observed lattice planes are ap-
proximately 3.03 and 2.93 �, which are consistent with the
spacings for the (311̄) and (222) planes of cobalt pentlandite,
respectively. The angle between (311̄) and (222) is 58.58,
which is consistent with that calculated for the face-centered
structural formula.

The field emission SEM (FESEM) image of Co9S8 hollow
microspheres in Figure 2 d shows that the sample was com-
posed of quasi-hexagonal highly crystalline plates, which in-
dicates that the quasi-hexagonal nanoplates are stable in
such a binary solution. The high resolution TEM image in
Figure 3 b shows a typical quasi-hexagonal plate. It is as-
sumed that the formation of these quasi-hexagonal nano-
plates is related to the intrinsic structural symmetry and
atom stacking on the special plane surface. Figure 4 a shows

the structural model viewed toward the (12̄1) plane, and il-
lustrates the intrinsic hexagonal symmetry of Co9S8, which
determines the formation of quasi-hexagonally symmetric
nanoplates. Moreover, the atom stacking on the (12̄1),
(311̄), and (222) plane surfaces were checked, and are
shown in Figure 4 c, d, and e, respectively. The stacking
models on the (311̄) and (222) plane surfaces with Co atoms
on the surface only are similar to each other, but totally dif-
ferent from the stacking model on the (12̄1) plane surface,
in which the S atoms and Co atoms are located on the same
surface. This is believed to induce a different surface energy
of these planes, and it is assumed that the (12̄1) plane is
more stable than the (311̄) and (222) planes, finally resulting
in the formation of 2D platelike particles.

The XPS spectrum in Figure 5 a indicates that the main
peak values at 161.25, 284.6, 531.12, and 777.93 eV can be

assigned readily to the binding energies of S2p, C1s, O1s, and
Co2p, respectively. Quantitative analysis of the sample gives
Co and S molar contents of 31.55 and 24.04 %, respectively.
The O element could be attributed to the surface adsorption
of O2 or slight surface oxidation of the obtained product ex-
posed in air. Energy dispersive spectrum (EDS) analysis,
shown in Figure 5 b, indicates that the molar ratio of Co:S is
9:8.13. Therefore, both the XPS and EDS results confirm
that the self-assembled hierarchical hollow microspheres are
composed of pure phase Co9S8.

The nitrogen adsorption–desorption isotherms are mea-
sured to determine the specific surface area and pore
volume of as-prepared Co9S8 hollow microspheres, and the
corresponding results are presented in Figure 6. The pore
size distribution, derived from desorption data and calculat-
ed from the isotherm using the BJH model, indicates that
the average pores of such a sample are around 9.2 nm. The
Brunauer–Emmett–Teller (BET) specific surface area of the
sample calculated from N2 adsorption is 80.38 m2 g�1, which
is much larger than those of usually prepared metal sul-
fides.[24] The much higher BET surface area of the hollow
spheres may provide the possibility of efficient transport of
electrons in lithium ion batteries.

A series of time-dependent experiments were performed
in order to understand the formation process of novel
hollow Co9S8 microspheres. The products obtained after re-

Figure 4. The structure and geometry model of Co9S8 quasi-hexagonal
plate. a) a structure model view toward the (12̄1) plane; b) geometry
model of Co9S8 hexagonal plate; c,d,e) structure models viewed along
(12̄1), (311̄), and (222) respectively. Grey: Co atom, White: S atom.

Figure 5. a) XPS and b) EDS spectra of the obtained Co9S8 hollow micro-
spheres. The sample was prepared by a solvothermal reaction in a mixed
solvent at 180 8C for 12 h, VTETA:VH2O =1:1. [CoCl2]= [TAA]=

0.04 mol L�1.
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action for different time intervals have been examined by
XRD (see Supporting Information Figure S1). Figure 7
shows the FESEM images of the obtained sample from re-
action for 1 h, 6 h, and 12 h, respectively. The microspheres
with smaller diameters and rough surfaces formed after re-
action of the mixture for 1 h (Figure 7 a,b), and the TEM
image shows that the particles are solid microspheres (see
Supporting Information Figure S2). After reaction for 6 h,
rough microspheres with a core shell microstructure come

into being (Figure 7 c). Figure 7 d shows the enlarged mag-
nification image of an individual core-shell microsphere,
which indicates that a big core is located in the interior of
the microspheres. Finally, when the reaction time was fur-
ther prolonged to 12 h, the cores in the center of the core-
shell microspheres are evacuated completely, resulting in
hollow structures with an open void and hexangular nano-
plates standing on their surface (Figure 7 e,f).

As the volume ratio of TETA:DIW (VTETA:VDIW) was
varied, the shape of the particles and their microstructures
changed. Randomly aggregated nanoplates were obtained
when VTETA:VDIW was increased to 5:1 (Figure 8 a), flower-

like Co9S8 microstructures with diameters of 5 mm assembled
by hexangular nanoplates were prepared when the volume
ratio of VTETA:VDIW was increased to 2:1 (Figure 8 b), and
solid microspheres with rough surface and a diameter of
�7 mm were produced when VTETA:VDIW decreased to 1:2
(Figure 8 c). Randomly aggregated nanoplates also formed
when VTETA: VDIW was further decreased to 1:5 (Figure 8 d).
The XRD patterns of the obtained products show that the
samples synthesized in the solutions of different composition
were mainly composed of pure phase Co9S8 (see Supporting
Information Figure S3).

The influence of the volume ratio of TETA and DIW on
the formation of Co9S8 particles with different microstruc-
tures may be due to the dissolution of TETA in DIW, while
TETA was ionized by DIW (TETA+H2O!TETAH+ +

OH�). The degree of ionization of TETA played an impor-
tant role in the aggregation state of the processor and the
morphology of the final product. The formation mechanism
of such Co9S8 hollow microspheres obtained by a certain
volume ratio of TETA and DIW in a binary solution could
be attributed to the Ostwald ripening process, which has
been commonly observed in general crystal growth many
times, and involves the growth of larger crystals from those

Figure 6. N2 adsorption–desorption isotherm curve and pore size distribu-
tion (insert) of Co9S8 hollow microspheres. The sample was prepared by
a solvothermal reaction in a mixed solvent at 180 8C for 12 h,
VTETA:VH2O = 1:1. [CoCl2]= [TAA]=0.04 mol L�1.

Figure 7. FESEM images of the samples prepared by a solvothermal re-
action in a mixed solvent at 180 8C for different time periods. a,b) 1 h;
c,d) 6 h; e, f) 12 h. VTETA:VDIW =1:1. [CoCl2] = [TAA] =0.04 mol L�1.

Figure 8. FESEM images of the samples prepared by a solvothermal re-
action in a mixed solvent different volume ratios of VTETA:VDIW at 180 8C
for 12 h. [CoCl2]= [TAA]=0.04 mol L�1. a) 5:1; b) 2:1; c) 1:2; d) 1:5.
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of smaller size which have a higher solubility than the larger
ones.[25] It has been reported that hierarchical hollow archi-
tectures such as Sn-doped TiO,[26] Cu2O

,[27] Cd(OH)2,
[28]

CdMoO4,
[29] and ZnS[30] can be prepared according to this

classic Ostwald ripening process. In the present case, the
evolution process of the Co9S8 hollow microspheres shows
that the Ostwald ripening process is associated with a pro-
gressive redistribution of matter from the interior to the ex-
terior of the microspheres. At the initial reaction stage,
amorphous solid microspheres with a rough surface assem-
bled by thin nanosheets were formed first after reaction for
1 h (step 1, Scheme 1). The exteriors of the newly formed

solid microspheres were packed much more loosely than the
interior, which indicates that the intrinsic density varies
inside these microspheres,[26] and the nanobuilding blocks in
the interior parts are smaller than those on the exterior.[31]

Thus, the interior parts of the microspheres dissolved gradu-
ally, and the exterior loosely-packed nanosheets would serve
as starting growth sites in the subsequent recrystallization
stage. With the prolongation of the reaction, a reconstruct-
ing process occurs between the core and the shell, resulting
in the formation of core-shell Co9S8 microspheres, with a
core in their interior space and much thicker quasi-hexangu-
lar nanoplates standing on the exterior space (step 2,
Scheme 1). Once the interior parts are dissolved completely,
hollow microspheres with more uniform and thicker quasi-
hexangular nanoplates, assembled on the outer surface,
form through the Ostwald ripening mechanism (step 3,
Scheme 1).

Magnetic properties of hollow hierarchical Co9S8 micro-
spheres : The magnetization curve of the Co9S8 hollow mi-
crospheres at room temperature shows a paramagnetic
property (Figure 9 a). The temperature dependences of mag-
netization of the Co9S8 hollow microspheres under zero-
field-cooled (ZFC) and field-cooled (FC) conditions are
shown in Figure 9 b; these indicate that there were nearly
the same transferring trends between the ZFC and FC
curves with the temperature changing at a magnetic field of
100 Oe, and also that the main paramagnetic properties of
the obtained product occur at much higher temperature.[32]

The temperature (T) dependences of the molar magnetic
susceptibility (c) and the molar reciprocal magnetic suscept-
ibility (c�1) are shown in Figure 10 a and b. It was found that
no anomaly is observed down to 4 K in the c–T curve, and
the magnetic susceptibilities obey the Curie–Weiss law
above 150 K. Therefore, from the Curie–Weiss law fitting to

the c�1–T curves (Figure 10 b), it can be found that the
Curie constant (C) is 3.305 emuK mol�1 Co and the Weiss
constant (Vw) is �231 K. The negative Vw value suggests
that there may be weakly antiferromagnetic interactions be-
tween the magnetic Co ions at much lower temperature.[33]

Electrochemical and electrocatalytic properties of hollow hi-
erarchical Co9S8 microspheres : Figure 11 a shows typical po-
larization curves of the oxygen reduction reaction on the ob-
tained Co9S8 hollow microspheres in O2-saturated 0.5 m

H2SO4 with a rotation speed of 1600 rpm. For the sake of
reference, the corresponding results on Pt/C are also given
in Figure 11 b. Rotating disk electrode (RDE) measurements
indicate that the onset potential of the Co9S8 sample is
0.88 V, which is comparable to the predicted value for Co9S8

(0.74 V) from theoretical simulation,[16] and shows the ac-
cordance between the experimental and theoretical values
of the onset potential of Co9S8 sulfide. However, the electro-
catalytic activity of the sample toward the oxygen reduction
reaction is much lower than that of Pt/C;[34] much effort
needs to be devoted in the future to further improving its
electrocatalytic activity toward the oxygen reduction reac-
tion. Furthermore, it has to be pointed out that Co9S8 is
much cheaper than Pt/C, it can still be used as a potential
ORR electrocatalyst with higher currents[32] or higher cur-
rent densities.[35]

Scheme 1. Illustration of the formation process of the Co9S8 hollow mi-
crospheres.

Figure 9. a) M–H curve at room temperature, and b) temperature de-
pendence of magnetization measured at an applied field of 100 Oe for
Co9S8 hollow microspheres under FC and ZFC processes. The sample
was prepared by a solvothermal reaction in a mixed solvent at 180 8C for
12 h, VTETA:VH2O =1:1. [CoCl2] = [TAA]= 0.04 mol L�1.
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Due to the potential application of cobalt sulfide as the
cathode material of lithium ion batteries, the charge and dis-
charge capabilities of nanosized Co9S8

[19] and CoS2
[36] have

been reported and studied recently. However, the electro-
chemical properties of the hierarchical Co9S8 hollow micro-
spheres have not yet been reported. Figure 12 a shows the
first three discharge and charge curves of the Co9S8 hollow

spheres with capacities of 910.4, 762.3, and 692.8 mAh g�1,
respectively. Figure 12 b presents a typical curve of the dis-
charge capacity versus the cycle number for cells made from
Co9S8 hollow microstructures, and shows that the initial five
charge and discharge capacities are higher than the theoreti-
cal capacity (539 mAh g�1)[36] and capacities of Co9S8 nano-
particles.[36] Therefore, it was speculated that the larger sur-
face area of the Co9S8 hollow spheres could play a role here.
However, the cycle of charge and discharge capacities of
such a sample is not stable because the discharge capacity
dropped to 57.37 mA hg�1 after the 20th cycle. An irreversi-
ble capacity evidently exists, resulting from the irreversible
reduction of Co from high valence state to low valence state
indicated by the plateau at about 1.38 V, as well as the
breakdown of the sulfide phases, and some side reactions
with the electrolytes during the first reduction process as re-
ported previously in the case of SnP2O7.

[37] The electrochem-
ical performance and the stability of the discharge capacity
of Co9S8 hollow microspheres needs to be improved in the
future.

Conclusion

In summary, hierarchical hollow Co9S8 microspheres have
been synthesized by a simple solvothermal route in a binary

Figure 10. a) Temperature dependence of the magnetic susceptibilities of
the c–T curve, and b) the reciprocal susceptibilities with their fits to the
Curie–Weiss law (short-dashed straight line) curve. The sample was pre-
pared by a solvothermal reaction in a mixed solvent at 180 8C for 12 h,
VTETA:VH2O = 1:1. [CoCl2]= [TAA]=0.04 mol L�1.

Figure 11. Current–potential curves of a) Co9S8 hollow spheres, and b) Pt/
C for the O2 reduction reaction. The sample was prepared by a solvother-
mal reaction in a mixed solvent at 180 8C for 12 h, VTETA:VH2O =1:1.
[CoCl2] = [TAA] =0.04 mol L�1.

Figure 12. a) The first three discharge and charge curves of the Co9S8

hollow spheres. b) The curves of discharge capacities of Co9S8 hollow mi-
crospheres as cathode electrodes in Li cells versus the cycle number. The
sample was prepared by a solvothermal reaction in a mixed solvent at
180 8C for 12 h, VTETA:VH2O =1:1. [CoCl2]= [TAA]=0.04 mol L�1.
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solution of triethylenetetramine (TETA) and deionized
water (DIW). The Co9S8 hollow microspheres display domi-
nant paramagnetic properties at higher temperature and
weakly anti-ferromagnetic properties at lower temperature.
The oxygen reduction reaction experiments show that the
onset potential of the Co9S8 sample is 0.88 V, which is com-
parable to the predicted value for Co9S8 (0.74 V) from the
theoretical simulation,[16] indicating the potential application
of the as-prepared Co9S8 hollow microspheres as cheaper
electrocatalysts. The discharge capacity of hollow Co9S8 mi-
crospheres at the initial discharge stage as lithium ion bat-
tery cathode materials is higher than that of the Co9S8 nano-
particles,[19] even though the cycle of charge and discharge
capacities of such a sample is not stable, and requires more
in-depth work for its improvement in the future.

Experimental Section

Synthesis of hierarchically self-assembled Co9S8 hollow microspheres : All
reagents were of analytic grade and received from Shanghai Chemical
Reagent Factory and used as received without purification. In a typical
experiment, CoCl2·6H2O (1 mmol) and thioacetamide (C2H5NS, 1 mmol)
were added into a mixed solvent of TETA and DIW with different
volume ratio, with non-stop stirring. The solution was transferred into a
Teflon-lined autoclave (with filling volume ratio of 80%) with a capacity
volume of 30 mL after being stirred vigorously for about 30 min. The au-
toclave was closed and heated in a digital-type temperature-controlled
oven at 180 8C for 12 h, then cooled to room temperature naturally. The
obtained products were filtered out and washed with absolute ethanol
and distilled water.

Characterization : The obtained samples were characterized on a Philips
X’Pert Pro Super X-Ray powder diffractometer with CuKa radiation (l=

1.541874 �). The morphology was examined with a JEOL JSM-6700F
scanning electron microscope (SEM), and a Hitachi (Tokyo, Japan) H-
800 transmission electron microscope (TEM) at an accelerating voltage
of 200 kV, and a high-resolution transmission electron microscope
(HRTEM) (JEOL-2010) operated at an acceleration voltage of 200 kV.
Energy-dispersive X-ray (EDX) analysis was obtained with an EDAX
detector installed on the same HRTEM. The X-ray photoelectron spectra
(XPS) were collected on an ESCALab MKII X-ray photoelectron spec-
trometer, using non-monochromatized MgKa radiation as the excitation
source. The surface area was calculated using the Brunauer–Emmett–
Teller (BET) equation. Pore size distributions were calculated by the
Barrett–Joyner–Halenda (BJH) method.

Magnetic properties measurement : The magnetic measurements on
powder samples enclosed in a medical cap were carried out with a com-
mercial superconducting quantum interference device (SQUID) magne-
tometer (MPMS-XL, Quantum Design Corp). The magnetization was
measured under both zero field cooling (ZFC) and field cooling (FC)
processes from 4 to 300 K, under an applied field of 100 Oe.

Electrochemical measurement : The working electrodes were made by
mixing Co9S8 hollow microspheres (60 wt %), acetylene black (30 wt %),
and polyvinylidene fluoride (PVDF; 10 wt %) binder in 1-methy l-2-pyr-
rolidinone (NMP) solvent to form a homogenous slurry. After ball-mill-
ing for 3 h at a rotation rate of 500 rpm, the working electrodes were ob-
tained. The slurries were spread on copper foil substrates, and the coated
electrodes were pressed after being dried in a vacuum oven at 100 8C for
20 h. The cells were assembled with the working electrode as prepared,
lithium metal as counterelectrode, and Celgard 2400 film as separator.
The electrolyte was 1 m LiPF6 in a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) (1:1, v/v). Cell assembly was carried out
in an argon-filled glove box (M Braun 100 G, Germany), where the
water and oxygen concentration was kept less than 1 ppm. The cells were

galvanostatically charged and discharged at a current density of
50 mA g�1 between 0.02 and 3.0 V. The specific capacities were calculated
based on the total weight of electrode materials.

Electrocatalytic property measurement : Rotating disk electrode (RDE)
measurements were performed in a three-electrode electrochemical cell
at room temperature. A glassy carbon disk (5.0 mm diameter) was em-
ployed as the working electrode. A catalyst ink was prepared by mixing
the as-prepared Co9S8 catalyst powder with isopropyl alcohol in an ultra-
sonic bath. The obtained well-dispersed catalyst ink was deposited on the
glassy carbon disk until a total catalyst loading of 610 mg cm�2 was ach-
ieved. After drying, 10 mL of a mixture of Nafion solution (5 wt %, Al-
drich) and isopropyl alcohol was coated onto the catalyst layer to ensure
better adhesion of the catalyst on the glassy carbon substrate. An aque-
ous solution of 0.5m H2SO4 was used for the electrolyte, and Platinum
mesh and Hg/HgSO4 electrodes were used as the counter and reference
electrodes, respectively. All potentials in this work are referred to the
normal hydrogen electrode (NHE) scale. The electrocatalytic activity for
oxygen reduction was evaluated in the oxygen-saturated electrolyte.
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