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ABSTRACT: The polyhedral CoS, with a narrow size distribution
was synthesized by a facile solid-state assembly process in a sealed
silica tube. The flux of potassium halide (KX; X = Cl, Br, I) plays a
crucial role in the formation of polyhedrons and the size distribution.
The S,>~ groups in CoS, can be controllably withdrawn during heat
treatment in air. The obtained phases and microstructures of CoS,,
Co;S,, CoS, CoySg, and CoO depended on heating temperature and
time. These cobalt materials, successfully used as the electrodes of
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lithium ion batteries, possessed good cycling stability in lithium ion

batteries. The discharge capacities of 929.1 and 835.2 mAh g™ were obtained for CoS, and CoS respectively, and 76% and 71%
of the capacities remained after 10 cycles. High capacities and good cycle performance make them promising candidates for
lithium ion batteries. The approach combining solid-state assembly and heat treatment provides a simple and versatile way to
prepare various metal chalcogeides for energy storage applications.
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1. INTRODUCTION

Cobalt sulfides (CoS,) with different stoichiometric composi-
tions such as CoS,, Co;S,, CoS, and CoySg have attracted great
attention due to their unique physical and chemical properties.
The phases of CoS, used in catalysis," lithium ion batteries,” >
alkaline secondary batteries,® and magnetic materials’™® have
been wildly investigated. Lithium ion batteries play an
extremely important role in the fast-developing field of new
energy. Since commercial carbonaceous anode materials are
insufficient,'® cobalt sulfides are promising anode materials due
to their high electrical conductivity, good thermal stability, and
high theoretical capacity.'"'* As reported by Poizot et al., the
reactio?3 mechanism of sulfides with Li* can be described
below:

M (X) + ne” + nLit © M® + nLi(X) (X=§, O)
(1)

Many approaches have been explored to synthesize metal
sulfides, including solid-state reaction,”** a hydrothermal/
solvothermal method,*>'> an arc-discharge method,'® a
catalyzed transport method,"” and chemical vapor decom-
position.'® Among those methods, the solid-state reaction is
widely used in industry and easily operated. However, a
prolonged reaction time is required to obtain the product in the
reaction of metals and sulfur, for example, 120 h for the
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preparation of CoS,” Therefore, it is highly desirable to
develop a rapid and cost-effective approach for the mass
production of cobalt sulfides.

In this study, polyhedral cobalt sulfides (e.g., CoS,) with a
uniform size distribution were prepared via a potassium halide
assisted solid-state assembly (SSA) process in 9 h at 850 °C.
The reaction parameters such as the flux of potassium halides
and post-heat treatment (temperature, time) were investigated
in detail. Other cobalt chalcogenides (e.g., CoSe,, CoSSe) were
synthesized by the same method. The as-prepared cobalt
sulfides were successfully applied as the electrode materials in
lithium ion batteries and possessed high capacity and excellent
stability. Thus, these materials have become electrode
candidates for rechargeable lithium ion batteries.

2. EXPERIMENTAL SECTION

2.1. Sample Synthesis and Characterizations. The synthetic
route involves a solid-state assembly (SSA) process. Reactions were
carried out in sealed silica tubes. The tubes were filled with reaction
mixtures under an Ar atmosphere, and then they were evacuated to
~107* Torr and flame-sealed. In a typical synthesis of CoS, Co
powder and S powder were used stoichiometrically as raw materials.
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The potassium halide (KX; X = Cl, Br, I) serves as the reaction
medium and flux agent with the mass ratio of CoS,/KX = 1:2. The
detailed heating procedure is shown in the Supporting Information
(Figure S1). After being cooled to room temperature naturally, the
powders were collected after washing several times with absolute
ethanol and deionized water alternately and dried at 60 °C under
vacuum. Phase transformation of cobalt sulfides was investigated by
air-annealing CoS, in an unsealed silica tube under different
temperatures and times.

The crystal structure and phase identification of the samples were
obtained by X-ray diffraction (XRD, Bruker D8 ADVANCE) with a
monochromatized source of Cu Ke, radiation (4 = 0.15405 nm) at 1.6
kW (40 kV, 40 mA). Scanning electron microscopy (SEM, JSM-6510)
and field-emission transmission electron microscopy (TEM, JEM
2100F) were employed to study the morphology and particle size of
the products.

2.2. Electrochemical Measurements. The as-prepared cobalt
sulfides were used as the electrode materials for rechargeable lithium
ion batteries. The active materials, acetylene black, and polyvinylidene
fluoride (PVDF) were mixed in a weight ratio of 80:10:10 in N-
methyl-pyrrolidone (NMP) to form a slurry. The working electrodes
were fabricated by coating the slurry onto aluminum foils and dried in
vacuum at 110 °C for 10 h. The testing coin cells were assembled with
the working electrode as-fabricated, metallic lithium foil as a counter
electrode, Celgard 2300 film separator, and 1 M LiPF, in 1:1 ethylene
carbonate (EC)/dimethyl carbonate (DMC) as the electrolyte. The
assembly of the testing cells was carried out in an argon-filled
homemade glovebox (German, M. Braun Co.). The discharge—charge
cycle tests were run between 3.0 and 0.5 V using a LAND CT2001A
battery test instrument (LAND Electronic Co.). Cyclic voltammetry
tests were conducted by a computer-controlled electrochemical
workstation (CHI660B, CH Instruments) in the potential range 0.5
to 3.0 V with a scan rate of 0.1 mV s™".

3. RESULTS AND DISCUSSION

3.1. Solid-State Assembly (SSA) Synthesis of CoS,. The
flux method has been widely used in solid-state synthesis and
potassium halides (KX, X = Cl, Br, I) are the common flux
agents. In the KX-assisted solid-state reaction, KX promotes the
reaction and affects the morphology and size of the final
products. Figure 1a shows the X-ray diffraction (XRD) patterns
of the samples prepared via the KX-assisted SSA process using
different halide fluxes. All peaks of the sample can be assigned
to a cubic phase of CoS, (JCPDS No.65-3322). Furthermore,
the intensity of the diffraction peaks strengthens after using
potassium halides.

The corresponding SEM images are shown in Figure 1b, and
the obvious difference in morphology and size after adding
potassium halides can be observed. When no flux agents were
introduced in the reaction system, the CoS, shows irregular
morphology. While in the presence of KX (X = Cl, Br, I), the
products were changed into relatively larger polyhedra,
indicating that the KX flux promotes the assembly reaction.
Especially in the case of KCl, the size distribution of the final
powder is much narrower than those of KBr and KI. It proves
that KX plays a vital role in the formation of CoS, during the
SSA process, which might be due to the varying solubility of
CoS, in the melt KX. The detailed morphology of the CoS,
obtained in the KCl-assisted SSA was further characterized by
high-magnification SEM and TEM (Figure 2). Figure 2c shows
the TEM image of polyhedral CoS, after a strongly ultrasonic
treatment, indicating that the polyhedron has a plate-like
structure. The lattice fringes of CoS, can be found clearly in
Figure 2d.

3.2. In Situ Transformation of CoS,. It has been reported
that pure CoS is quite difficult to prepare because of the
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Figure 1. (a) XRD patterns and (b) SEM images of CoS, prepared by
using different potassium halides.

Figure 2. SEM and TEM images of CoS, obtained by KCl-assisted
SSA process.

complex stoichiometry of cobalt chalcogenides.” In order to
synthesize pure CoS, the phase transformation of cobalt sulfides
was investigated by annealing CoS, at different temperatures in
unsealed silica tubes in air. Figure 3a shows the XRD patterns
of the samples obtained at 400—800 °C for 10 min. No phase
change was observed at 400 °C. As the temperature increased
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Figure 3. XRD patterns of the samples (a) obtained by in situ
transformation of CoS, at different temperatures for 10 min and (b)
annealed at 800 °C for different times.

to 500 °C, the peaks of CosS, (JCPDS No. 47-1738) along
with CoS, were observed. When the temperature further
increased to 600—700 °C, the peaks assigned to CoS (JCPDS
No. 65-8977 or 3418) were detected. Finally, pure CoS was
obtained at 800 °C. The overall morphology keeps almost
unchanged only the surface becomes rougher due to the
appearance of pores after calcination at 800 °C (Figure 4b).

Figure 4. SEM images of cobalt sulfides during the annealing process
at 800 °C for different times.
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To further investigate the phase transformation of CoS,
during the calcination in air, the time-dependent experiments
were carried out at 800 °C. Figure 3b shows the XRD patterns
of the products reacted for 10 min, 30 min, 1 h, 2 h, and 6 h.
With the annealing time increased from 10 min to 6 h, the
CoS, phase transformed to pure CoS, the Co,Sy phase (CPDS
No. 65-6801), and CoO (CPDS No. 43-1004) in turn. The
corresponding SEM images of these samples are shown in
Figure 4. Compared with the polyhedral morphology of CoS,
(Figure 4a), the morphology of CoS remained almost
unchanged; only the surface became rougher with the
appearance of pores caused by the consumption of sulfur
(Figure 4b). After further heating for 30 min, the cobalt sulfides
began to calcanei together (Figure 4c). When the annealing
time increased to 1 h, the main phases of the sample were still
cobalt sulfides, which further aggregated together to form larger
particles and pores (Figure 4d) compared with the sample
obtained in 30 min. With the time further increased to 2 h, the
particle size became smaller due to the oxidation of cobalt
sulfides (Figure 4e). Finally, pure CoO with a porous structure
was obtained after annealing for 6 h (Figure 4f).

As described above, the evolution of cobalt sulfides involves
the consumption of sulfur. From CoS, to Co;S, and further to
CoS and CoySg, the ratio of S to Co reduced gradually with the
increase of annealing temperature or time. When treated at a
high temperature of 800 °C for a long time, S was totally
consumed and CoO was formed. The in situ transformation of
CoS, can be described as follows:

A
CoS, — CoS, + (2 — x)S?T

@)
A
S+ 0, = SO,7 (3)
A
CoS, + x0, = CoO + xSO,1 4)

The oxygen in air plays an important role in the evolution of
cobalt sulfides, which promotes the consumption of sulfur. In
the first stage, CoS, was thermally decomposed under
calcination and gaseous sulfur was generated according to eq
2. The generated gaseous sulfur would act as protection gas to
prevent the direct oxidation of cobalt sulfides. At the same time,
the sulfur reacted with the oxygen as shown in eq 3. There
exists a balance between the generation and consumption of
sulfur. The generated sulfur sufficiently protected the cobalt
sulfides in the early stage (<1 h), while with the increasing
calcination time, the sulfur was used up and the cobalt sulfides
were oxidized (see eq 4). The influence of oxygen in the
evolution of cobalt sulfides can be further demonstrated by the
following experiment. CoS, was sealed in a vacuum silica tube
and annealed at 800 °C for 10 min. The phase evolution was
hindered, and the phases of CoS, and CoS instead of pure CoS
were obtained in this case (Supporting Information Figure S2).

It is worth noting that this SSA method can be explored to
prepare other cobalt chalcogenides; e.g., CoSe, and CoSSe are
selected for investigation. The corresponding XRD and SEM
information is provided in the Supporting Information (Figure
S3), presenting the polyhedral morphology and pure phase.

3.3. Properties of Lithium lon Batteries. As reported,
the cobalt sulfides possess a high discharge capacity, whereas
the values reduced sharply during the first few cycles in the
previous reports.>** Thus, it is highly desirable to synthesize
cobalt sulfides with better stability. The electrochemical
performance of the as-prepared cobalt sulfides (CoS, and
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CoS) as the electrode materials of lithium ion batteries was
evaluated. Figure Sa—Db illustrates the charge—discharge curves
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Figure 5. (a, b) Charge—discharge curves of the batteries based on the
as-prepared CoS, and CoS polyhedrons in the charge/discharge
voltage range 0.5-3.0 V; (c,d) Cyclic voltammograms for CoS, and
CoS polyhedrons with a scan rate of 0.1 mV s in the potential range
0.5-3.0 V.

of the samples in the 1%, 2™ and 10™ cycles in the voltage
range 0.5—3.0 V at a current density of 100 mA g~'. The first
discharge curves are different from the others, consistent with
the previously reported results.”* After the first cycle, the two
electrodes exhibit similar discharge curves with two voltage
plateaus. For both CoS, and CoS, the two plateaus in the
ranges 1.9—1.5 V and 1.5—1.3 V correspond to the initial
insertion of lithium and the following displacement reaction of
Li,S + Co, respectively.”® In the first charge—discharge cycle,
the CoS, electrode displays a high discharge capacity of 929.1
mAh ¢! and a charge capacity of 7162 mAh g, and the
values for the CoS electrode are 835.2 and 693.2 mAh g™
respectively. The irreversible capacity in the first cycle may be
attributed to the formation of the solid-electrolyte interphase
film on the surface of the electrode materials.*' Figure Sc—d
display the cyclic voltammograms for CoS, and CoS
polyhedrons with a scan rate of 0.1 mV s™' in the potential
range 0.5—3.0 V. For CoS,, two main reduction peaks at 0.8
and 1.1 V and two oxidation peaks at 2.1 and 24 V are
observed in the first scanning cycle, while, for CoS, the
reduction peaks are located at 0.9 and 1.2 V and the oxidation
peaks are located at 2.1 and 2.3 V. Whereas, all the reduction
and oxidation peaks have a shift in the subsequent cycle for
both CoS, and CoS, which is very consistent with the charge—
discharge plateaus. The peak areas decrease as the cycle number
increases, indicating the reduction in discharge capacity.
Figure 6 displays the cycle and rate performance of CoS, and
CoS, presenting good cycle performance of the as-prepared
samples. The discharge capacities of 720.4 and $89.6 mAh g~!
remain after 10 cycles, which is above 76% and 71% of the first
discharge capacities for CoS, and CoS respectively. Expecially
for CoS,, the discharge capacity was almost unchanged from
the 2™ to 10™ cycle (738 and 720 mAh g~ respectively). The
good reversibility was further demonstrated by the fact that the
capacity values 693.7 and 567.2 mAh g_1 are retained for CoS,
and CoS once the rate reverted to 100 mA g ' after rate
measurements. The polyhedral cobalt sulfides exhibit a higher
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Figure 6. Cycle performance of the batteries based on the as-prepared
CoS, and CoS polyhedrons.

capacity and better rate performance than the samples prepared
by solid methods in previous reports (Table 1), showing
promising potential applications in high energy density lithium
ion batteries.

Table 1. 10-Cycle Reversible Capacities at a Current Density
of 100 mAh g~' in This Work and the Literature

material capacity (mAh g™') preparation source
CoS, 720 SAA this work
530 solvothermal ref 22
480 solid reaction ref 12
400 solid reaction ref 23
CoS 589 SAA this work
420 solvothermal ref 24

The above-mentioned cobalt sulfides can transfer to pure
CoO with a porous structure after annealing for 6 h in
atmosphere. Due to its high theoretical Li ion storage capacities
(716 mAh g™') and its completely reversible electrochemical
reaction,” the lithium storage performance of the porous CoO
is also studied here. As shown in Figure 7a, the initial discharge
capacity of CoO is 470 mAh g'. Two discharge platforms at
voltage potentials of 1.1 and 0.7 V are observed in the first
discharge curve, while they disappeared in the second discharge
curve, which is due to the irreversible formation of a solid
electrolyte interphase (SEI) and the decomposition of
electrolyte.”® In the second cycle, the discharge platform
shifted to 1.4 V. Compared with CoO, the CoO/cobalt sulfides
composite shows a higher discharge platform at 1.3 V and a
higher initial discharge capacity of 521 mAh g~'. The enhanced
capacity may be due to the existence of cobalt sulfides, which
has good conductivity and high capacity.

The rate performance of CoO and the CoO/cobalt sulfides
composite is shown in Figure 7b. The sample with cobalt
sulfides existing exhibits better rate performance than pure
Co00O. The capacity of the CoO/cobalt sulfides composite
decreases steeply from 368 mAh g™ (after 20 cycles) to 231
mAh g™' with an increasing current rate from 100 mAh g™* to
500 mAh g7', and the capacity loss is 37.2%. For CoO, the
capacity decreases from 306 to 70 mA h ¢!, and the capacity
loss is 77.1%. This result further demonstrates that highly
conductive cobalt sulfides can significantly improve the rate
performance of pure CoO.
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Figure 7. (a) Charge—discharge curves of CoO and CoO/cobalt
sulfides composite; (b) rate performance of the batteries based on the
CoO and CoO/cobalt sulfides composite.

Bl CONCLUSION

In summary, CoS, polyhedra were prepared by a facile
potassium halide (KX; X = Cl, Br, I) assisted solid-state
assembly (SSA) reaction. The flux of KX played a crucial role in
the formation process and the size distribution of the final
products, and KCl was optimal. The cobalt sulfide of CoS was
easily obtained by annealing CoS, in an unsealed silica tube in
air at 800 °C for 10 min. Furthermore, this facile KX-assisted
SSA method was used to prepare CoSe, and CoSSe. The as-
prepared cobalt sulfides were successfully applied as the
electrode materials in lithium jon batteries. The discharge
capacities of 929.1 and 835.2 mAh g~ were gained in the
voltage range 3.0 to 0.5 V for CoS, and CoS, and above 76%
and 71% of the capacities can be retained after 10 cycles. High
capacities and good cycle performance of the as-prepared cobalt
sulfides make them promising candidates for rechargeable
lithium ion batteries. The proposed KX-assisted SSA is a
powerful and cost-effective approach to the mass production of
metal chalcogenides.
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