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1. Introduction

Formation of graphene-encapsulated CoS, hybrid
composites with hierarchical structures for high-
performance lithium-ion batteriesy

Shi Tao, 9 *2 Weifeng Huang,® Hui Xie,? Jing Zhang,? Zhicheng Wang,?
Wangsheng Chu,® Bin Qian*? and Li Song &°

Transition metal sulfides (TMSs) are considered as the most promising alternative anode materials for advanced
lithium-ion batteries (LIBs). Here, we report a hierarchically structured CoS, nanosphere/graphene (CoS,/G)
composite, fabricated by a simple hydrothermal method. This composite, assembled with CoS;
nanoparticles uniformly distributed on the graphene, exhibits excellent electrochemical performance. In
particular, the CoS,/G electrode material delivers a high rate capability of around 398 mA h g~* at a current
density of 3500 mA g~. Moreover, a discharge capacity of about 400 mA h g~ can be obtained after 1000
cycles at a current density of 500 mA g~ X-ray absorption spectroscopy is used to characterize the
sample for the first time, and the results demonstrate that CoS,/G is reduced to metallic Co and Li,S when
discharged to 0.01 V. In subsequent charge—discharge processes, the metallic Co cannot be fully oxidized
to CoS,, which is the main cause of capacity loss for the CoS, electrode.

Combination with carbon materials might be regarded as

Rechargeable lithium-ion batteries (LIBs) are considered as one
of the most promising power sources for portable electronics
and electronic vehicles, owning to their high energy density,
long cycle life and environmental benignity."> However, LIBs
are not sufficient to meet the increasing demands for next-
generation energy storage systems (ESSs), due to the theoret-
ical limit of the conventional graphite anode material. Transi-
tion metal sulfides, MS, (M = Ni, Co, Fe and Mo), have much
higher theoretical energy capacities and energy densities than
graphite, and have been studied as possible alternative anode
materials for advanced LIBs.>"®> Among them, CoS, has attrac-
ted considerable attention because of its remarkable specific
capacity and thermal stability.’*> Unfortunately, its low
conductivity, large volume expansion and polysulfide dissolu-
tion in electrolytes hamper its commercialization for the
development of LIBs.

Due to the above problems, many efforts have been devoted
to improving the capability and cyclability of anode materials.
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a fundamental strategy for enhancing the electrochemical
performance of CoS,.>*** Graphene has been widely applied in
catalysis and energy storage owing to its high thermal stability,
large surface area, and superior electrical conductivity.****
Therefore, tight coupling between CoS, and graphene is ex-
pected to enable fast charge transfer kinetics and good struc-
tural stability of the electrode. He et al. prepared a graphene-
wrapped CoS, nanoparticle hybrid composite as an anode
material for LIBs, which exhibited improved electrochemical
performance.*® Guo et al. synthesized CoS, nanocages coated
with graphene nanosheets via a solvothermal method and
demonstrated the excellent anode performance of the resulting
material for LIBs.** However, the synthetic methods are
complicated and the composites are obtained using organic
reagents, which are not suitable for commercial production.
Therefore, it is desirable to develop a simple method to
synthesize CoS,@graphene hybrid composites with pure phases
for high rate capability and long cycle life. To the best of our
knowledge, although there have been many studies focusing on
how to improve the electrochemical performance of CoS,
materials, the mechanism behind the Li* storage behavior of
CoS, is not well understood. X-ray absorption fine structure
(XAFS) analysis is an ideal technique to investigate the elec-
tronic and local geometrical structure changes of electrode
materials during charge/discharge processes.***

Herein, we present a simple method to prepare thin-layer
graphene-encapsulated CoS, nanoparticles in a hierarchically
structured hybrid composite (CoS,/G). The composite exhibits
a high capacity of about 398 mA h ¢~ * at a high current density
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of 3500 mA g, and delivers a reversible capacity of around
400 mA h g7" at 500 mA g~ " after 1000 cycles. This excellent
electrochemical performance can be attributed to the syner-
gistic effect of the hierarchical architecture and thin graphene
layer modulation, which enhance electron and ion transport
and buffer the volume change of CoS, during repeated cycling.
Moreover, the XAFS technique is employed for the first time to
reveal the conversion reaction mechanism and the origin of
capacity fading.

2. Experimental
2.1 Preparation of graphene oxide (GO)

Graphene oxide (GO) was prepared by a modified Hummers'
method.* In a typical procedure, 2 g of graphite powder was
placed in 500 mL of concentrated H,SO,/H;PO, (360 : 40 mL),
and then 18 g of KMnO, was gradually added, stirring the solu-
tion and keeping it at 35 °C. After stirring for 2 h, we maintained
the solution at 50 °C for 12 h. The reaction was cooled to room
temperature and poured onto ice (400 mL) with 30% H,O, (3 mL).
The resulting suspension was centrifuged, and washed with HCl
(10%) followed by distilled water until the pH value was close to 7.
Finally, the GO was freeze-dried for later use.

2.2 Preparation of the CoS,/G composite

For the synthesis of CoS,/G, 30 mg of GO was dissolved in 40 mL
of distilled water and ultrasonicated for 30 min to form a pale
yellow solution. After that, 2 mmol of cobaltous acetate and
2 mmol of sodium thiosulfate were added into the above solu-
tion, and the mixture was continuously stirred for another 1 h.
The solution was then transferred to a Teflon-lined autoclave
and heated at 200 °C for 12 h. After being cooled to room
temperature, the resulting black powder was washed with
ethanol and water several times. The final product was obtained
by vacuum drying at 80 °C for 24 h. Bare CoS, was prepared by
following the same steps without using GO.

2.3 Material characterization

X-ray diffraction (XRD) patterns were acquired on a Bruker D8-
Advance powder diffractometer with Cu-Koa radiation (A =
1.5406 A) with a scan rate of 4° min~*. The morphology of the
samples was characterized by a field emission scanning elec-
tron microscope (FE-SEM, SIGMA, ZEISS) and a transmission
electron microscope (TEM, JEOL-2000CX, 200 kV and HRTEM,
JEOL-2010F, 200 kV). Raman spectra were recorded on a Horiba
Xplora Raman micro-spectroscope using 532 nm laser radiation
between 300-1800 cm ™. The carbon content of the samples was
estimated using a TGA/SDTA851 instrument in an O, atmo-
sphere. The Co K edge XAFS spectra of the samples were
recorded at the 1W2B beamline of the Beijing Synchrotron
Radiation Facility (BSRF). To get the desired electrodes, coin
cells were charged/discharged to the desired cutoff voltages and
disassembled. The disassembled electrodes were washed with
dimethyl carbonate (DMC) in an Ar-filled glove box, and after
drying, the electrodes were sealed with 3 M sellotape.
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2.4 Electrochemical measurements

The electrochemical tests of the samples were performed using
CR2016-type coin cells. The electrodes were fabricated by
pasting a mixture of CoS,/G, acetylene black and poly(vinyl
difluoride) (PVDF) at a weight ratio of 70 : 20 : 10 in N-methyl-2-
pyrrolidone (NMP) solvent on copper (Cu) foil and drying at
120 °C for 12 h. The loading density of the electrodes is about
1.8 mg em > Metallic lithium was used as the anode and
Celgard 2500 was used as the separator. 1 M LiPF4 (ethylene
carbonate, dimethyl carbonate and ethyl-methyl carbonate with
a 1:1:1 volume ratio) was used as the electrolyte. Galvano-
static charge/discharge tests were performed on a Land CT
2001A system between 0.01 and 3.0 V vs. Li'/Li. Cyclic voltam-
metry (CV) curves were acquired on a VSP electrochemical
workstation (Bio-logic, France) with a scan rate of 0.2 mV s~ in
the range of 0.01-3.0 V.

3. Results and discussion

The CoS,/G hybrid composite was synthesized by a one-step
hydrothermal method. Scheme 1 illustrates the synthetic
process for the direct formation of the CoS,/G nanocomposite.
The detailed procedure is described in the Experimental
section.

The crystalline phase of the samples was confirmed by the
XRD patterns; as shown in Fig. 1a, all of the diffraction peaks
were well indexed with the standard cubic structure of CoS,
(JCPDS no. 41-1471) and no other phase characteristic diffrac-
tion peaks are detected, suggesting the high purity of the
synthesized samples. The Raman spectra of CoS,/G and GO are
presented in Fig. S1.7 Two characteristic peaks at 1353 and 1584
cm ! were assigned to the D band and G band, respectively. The
intensity ratio of CoS,/G (Ip/Ig = 1.05) is higher than that of GO
(In/Ic = 0.89), which suggests that it has a more disordered
carbon structure. This is attributed to the CoS, nanoparticles
embedded in the graphene layers.*** Thermo-gravimetric
analysis (TGA) was used to determine the carbon content of
the hybrid composite; as shown in Fig. S2,1 the slight weight
loss before 350 °C can mainly be attributed to the removal of
absorbed water. The result suggests that the content of gra-
phene in the composite is about 6.70%. Furthermore, the C
K-edge XANES spectra of the GO and CoS,/G samples (see
Fig. 1b) are characterized by three main features: A, B and C at
about 285.0, 289.0 and 292.5 eV, respectively. According to
a previous report, features A and C are attributed to the C 1s and
graphitic states of the ©w* and o* transitions, respectively, while
feature B is attributed to sp® hybridized states due to oxygenated
groups such as C-O or C=0." The w* transition intensity for

Co?* . ° [
—

NG Stirring °

Scheme 1 Schematic illustration of the CoS,/G composite produced
by hydrothermal synthesis.
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Fig. 1 (a) XRD patterns for the CoS, and CoS,/G electrodes, and (b)
NEXAFS spectra of CoS,/G and GO.

CoS,/G is reduced compared to that of GO, which indicates
more charge transfer from CoS, to C 2p-derived w* states in
graphene, suggesting stronger chemical bonding between CoS,
and the interface of graphene. The lower intensity of feature B
demonstrates that GO is almost reduced under hydrothermal
conditions. In addition, the most intense feature, C, appears as
a resolved double-peak for the CoS,/G sample due to o g
resonance, confirming that the composite is highly graphitized,
which suggests that it can provide an increased number of
electrochemical active sites for electron and Li* transport. %
The morphology of CoS,/G was characterized, as shown in
Fig. 2, and it was observed that CoS, nanoparticles with a size of
about 100 nm are tightly encapsulated by a thin graphene layer.
The TEM image in Fig. 2¢ further revealed that the CoS, elec-
trode material was assembled with the nanoparticles uniformly
distributed on the graphene. This hierarchical structure is ex-
pected to exhibit excellent electrochemical performance. The
bare CoS, nanoparticles without graphene have a similar
morphology (Fig. S31). The HRTEM image shows that the
surface of the CoS, nanoparticles is tightly coated by a thin
graphene layer (Fig. 2d). In addition, the particles are well

Fig. 2 (a) and (b) SEM images of CoS,/G, (c) TEM image, (d) HRTEM
image, and (e) EDS maps of CoS,/G.
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crystallized with a lattice spacing of 0.28 nm, corresponding to
the (200) plane. EDS mapping of CoS,/G reveals that Co, S, and
C elements are homogeneously distributed over the hybrid
composites (Fig. 2e). The above results confirm that the as-
prepared sample, which was fabricated through a facile in situ
hydrothermal method, consists of graphene tightly wrapped on
the CoS, nanoparticles.

The electrochemical properties of the CoS,/G composite
were investigated by cyclic voltammetry (CV) and galvanostatic
charge/discharge tests. The CV curves of the initial five cycles of
the CoS,/G electrode are shown in Fig. 3a. Two obvious reduc-
tion peaks are observed at around 1.50 and 0.90 V in the first
cycle, which is in accordance with the insertion of Li* to form
Li,CoS, or metallic Co and Li,S.*®** The two corresponding
oxidation peaks centered at 2.16 and 2.49 V could be attributed
to the delithiation process. After the second cycle, the CV curves
are well over-lapped, indicating the good cycle stability. On the
other hand, the bulk CoS, exhibits a similar CV curve to the
CoS,/G in the first cycle (Fig. S4at). However, the peak intensity
of the reduction and oxidation peaks decreased largely in
subsequent cycles, suggesting poor cyclability. Fig. 3b shows the
typical charge/discharge curves for the CoS,/G composite at
a current density of 300 mA g ! between 0.01 and 3.0 V. The
observed voltage plateaus are consistent with the above CV
results. In particular, the initial discharge and charge capacities
are 1110 and 810 mA h g™, respectively. The irreversible
capacity loss of 300 mA h g~* in the first cycle could be attrib-
uted to SEI formation.*® After the first cycle, the well overlapping
voltage profiles demonstrate the superior electrochemical
reversibility. For the bulk CoS, electrode, the specific capacities
are significantly lower than those of the CoS,/G composite and
also exhibit serious capacity fading (Fig. S4bt). Fig. 3c shows the
rate capability of bulk CoS, and CoS,/G at various current
densities. In particular, the CoS,/G electrode delivers a much
higher reversible capacity than bulk CoS,. Even at a current
density of 3500 mA g, the C0S,/G electrode can still exhibit
a discharge capacity of around 400 mA h g~ .
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= 5th cycle
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Fig. 3 (a) CV curves of CoS,/G, (b) charge—discharge curves of CoS,/
G at a current density of 70 mA g™, (c) rate performance of CoS,/G
and CoS,, and (d) cycle performance with the corresponding
coulombic efficiency.
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Fig. 3d presents a comparison of the cyclability of bulk CoS,
and CoS,/G at a current density of 500 mA g~'. Obviously, the
CoS,/G hybrid composite exhibits an impressive capacity
stability; a reversible capacity of about 400 mA h g~* can be
obtained even after 1000 cycles, which is much higher than that
of commercialized graphite. To the best of our knowledge, the
CoS,/G in this work demonstrates an optimum cycling perfor-
mance. Moreover, a high coulombic efficiency of about 99.7%
was obtained. However, the capacity of bulk CoS, drops rapidly
to only 32 mA h g~ " after 1000 cycles. We also compared the
electrochemical performance of our sample with that of CoS,
materials reported in the previous literature (Table S1%). To the
best of our knowledge, the CoS,/G in this work demonstrates an
optimum cyclability. The excellent cycle stability of CoS,/G can
be ascribed to both the hierarchical structure morphology and
the thin graphene layer, which are not only in favor of Li*-ion
transport and rapid electron transfer, but also suppress the
volume expansion and aggregation of CoS, nanoparticles.>***

In order to explore the root of the excellent cycling stability of
the present CoS,/G composite, ex situ SEM images were recor-
ded from the cells after 100 cycles at a current density of
500 mA g~ '. As shown in Fig. 4, the SEM images show that the
morphology and structure of the electrode materials were well
maintained, except for some agglomeration caused by the redox
reactions during the charge-discharge processes.

Electrochemical impedance measurements (EIS) are used to
investigate the effect of graphene modulation. As shown in Fig. 5,
all the Nyquist plots contain a semicircle in the high frequency
region and a straight line in the low frequency region. The straight
line and the semi-circle represent the process of diffusion of
lithium ions in the electrode (Warburg impedance) and charge
transfer resistance (R.) on the electrode surface, respectively.?>*”*
The EIS data were analyzed using the equivalent circuit given in
the inset of Fig. 4. The CoS,/G composite exhibits an R, of 90.1 Q,
which is lower than that of bulk CoS, (111.8 Q). These results
indicate that the CoS,/G composite has the lowest charge transfer
resistance, and consequently exhibits the highest electrochemical
activity. Moreover, we can see that CoS,/G possesses a higher
slope, suggesting faster Li* ion diffusion. This observation indi-
cates that a thin graphene layer effectively decreases the Li" ion
transfer resistance at the electrode-electrolyte interface and
significantly enhances rapid electron transfer.

X-ray absorption fine structure (XAFS) analysis was also
employed to further investigate the conversion reaction

Fig. 4 Ex situ SEM images of the CoS,/G electrode after 100 cycles at
a current density of 500 mA g~*: (a) low magnification, and (b) high
magnification.
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Fig. 5 EIS data of bulk CoS; and the CoS,/G hybrid composite.

mechanism of CoS,/G. In Fig. 6, the different cut-off voltages
of the XAFS spectra at the Co K-edge are compared. As can be
seen, the XANES spectra of the pristine CoS,/G display a small
pre-edge peak at around 7110 eV, which suggests octahedral
coordination of Co by S. Fig. 6a shows that the Co K-edge of
the white line is shifted to a lower energy during the discharge
process, indicating the reduction of Co, but the spectrum after
discharging is still different from that of Co metal. This may
be due to the incomplete reduction of Co®>* and the likely small
domain sizes of Co. When the voltage decreases to 0.6 V, the
intensity of the pre-edge increases in the XANES spectra and
the intensity of the white line is decreased, demonstrating
that the local structure has changed at the end of the
discharge process.” During the charge process, the Co K-edge
shift exhibits the inverse trend, but it is not fully recovered to
the original state in the pristine sample. In addition, an
increase in voltage up to 3.0 V led to a rise in the white line
peak at 7724 eV, with a decrease in the shoulder at 7710 eV,
suggesting that the local structure and coordination of Co in
the charged products are quite different from those in pristine
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Fig. 6 Ex situ XANES spectra for the Co K-edge of CoS,/G at different
states: (a) discharge state, and (b) charge state. Corresponding ex situ
EXAFS spectra: (c) discharge state, and (d) charge state.
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different cycling states. (b) Corresponding ex situ EXAFS spectra.

CoS, (Fig. 6b). The EXAFS spectra are shown in Fig. 6¢c. The
peak appearing at around 1.8 A is attributed to the Co-S
interaction in the CoS,/G composite. The intensity of the Co-S
bond decreases and the length increases with the discharging
depth, which may be because Li" ions are gradually inserted
into the CoS, forming small domain sizes of Co metal and
causing the local structure to become disordered. In contrast,
the intensity and length of the Co-S bond decrease with the
charging depth, indicating that the reaction is reversible, but
not fully (Fig. 6d).

For the CoS,/G sample subjected to 1, 10 and 20 cycles, as
shown in Fig. 7a, the Co K-edge shifts to a low energy, which
indicates that the average chemical valence of Co decreases, due
to partial CoS, transfer to Co metal after cycling. In addition,
the slight increase in the pre-edge at 7710 eV and the broad
band at the white line peak demonstrate that the conversion
reaction of the metallic Co and Li,S phase is not a fully
reversible reaction for CoS,. This results can also be confirmed
by the EXAFS spectra (Fig. 7b), where it can be observed that the
intensity of the Co-S bond length increases after repeated
charge-discharge processes. This can be ascribed to the content
of metallic Co increasing with the cycling process.*® The results
further confirm that the metallic Co cannot be fully converted to
CoS,, which is the origin of the irreversible capacity loss of the
CoS, electrode material.

4. Conclusions

In conclusion, we present a facile approach to prepare a hybrid
composite consisting of well-defined graphene-encapsulated
CoS, nanoparticles with a hierarchical structure. The CoS,/G
electrode material delivers a high rate capability of about
398 mA h g™' at a current density of 3500 mA g~ . Moreover,
a discharge capacity of about 400 mA h g ' can be obtained
after 1000 cycles at a current density of 500 mA g~ '. The XAFS
spectra were used to characterize the conversion mechanism for
the first time, and the results demonstrate that the CoS, is
reduced to metallic Co when discharged to 0.01 V, which could
not be fully oxidized back to CoS, in the subsequent charge-
discharge cycles. This is the main reason for the capacity loss of
the CoS, electrode.
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