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A confined sulfidation strategy is developed for the preparation of cobalt sulfide@nitrogen, sulfur co-doped
carbon composites (CoS@NSC) with a unique core-shell structure. The as-fabricated CoOS@NSC composites are
beneficial for efficient lithium ion diffusion, fast electron transfer and improved structural integrity. As a de-
monstration, the CoOS@NSC, as an anode material for lithium-ion battery, exhibits a high initial stable discharge
capacity of 754 mA h g~ ! and high capacity retention by maintaining 635mAh g~ at 1 A g~ after 100 charge/

discharge cycles. This confined sulfidation strategy can be readily extended to a large-scale and cost-effective
production of other transition metal sulfide@carbon core-shell nanocomposites.

1. Introduction

The ever-growing demands for high-efficiency energy storage de-
vices have been aroused in recent years [1-4]. Lithium ion battery (LIB)
is one of the promising high-efficiency energy storage devices for
electrical vehicles, portable electronic devices and back-up electricity
storage units [5]. Researches on the battery technology focus on the
development of electrode materials with high capacity, long cycle life
and good rate capability [6,7]. Graphite, a commercial anode material
for LIB, hinders the development of high-energy-density LIB due to its
relatively low specific capacity. Great efforts have been made to de-
velop novel anode materials for high-performance LIB including the
transition metal sulfides (TMSs) [8,9]. TMSs typically exhibit high
theoretical specific capacitances for LIB anodes, based on reversible
redox reactions through the conversion reaction mechanism [10,11].
TMS electrodes can deliver about two or three times higher capacities
than that of commercial graphite anodes [12-14]. However, TMS
electrodes still meet some drawbacks inducing unsatisfied performance
for their LIB applications [15-17]. The intrinsic low electrical and ion
conductivity of TMSs inevitably induce inferior rate performance
during cycling the lithium [18,19]. Besides, the pulverization of the
unstable TMS electrode structure, caused by large volume changes
during the repeated lithium uptake and removal processes, will cause
their rapid capacity fading and poor cycle stability [20-22].
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To address these issues mentioned above, many efforts have been
focused to improve electrochemical performance of TMS electrodes by
tailoring their compositions and structures [1,23-25]. The employment
of conductive carbon components as an effective support to fabricate
TMS-based composites is an effective strategy to alleviate the volume
changes induced by lithium insertion/extraction and improve the
electrical conductivity of electrode matrix [26,27]. However, simple
compositions of TMSs with carbon materials are not able to deliver
excellent electrochemical performance since a large proportion of ex-
posed TMSs are not well protected from side reaction and volume
changes [28]. Besides, the development of TMSs with tailored nanos-
tructures, such as nanosheet, nanotube, york-shell and core-shell na-
nostructure, is another effective strategy to improve their electro-
chemical performance due to increased surface areas and decreased ion
diffusion length [29-34]. Therefore, it is of great significance to fabri-
cate TMS/carbon composites with precisely controlled nanostructures
to further optimize their electrochemical performance.

Herein, a confined sulfidation strategy using sulfur powder as the
sulfur source is presented for the preparation of cobalt sulfide@ni-
trogen, sulfur co-doped carbon composites (CoOS@NSC) with a unique
core-shell structure. Co-Al layered double hydroxide (Co-Al LDH)
hexagon nanosheets with uniform polydopamine (PDA) coating were
used as the precursor. During the confined sulfidation process, the Co-
Al LDH core converted into porous CoS nanosheets, while the PDA shell
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was pyrolyzed into NSC layers at the high temperature. When used as
anode materials for LIB, the CoS@NSC electrode exhibited remarkable
electrochemical performance with a high reversible capacity, good rate
capability and cycling stability.

2. Results and discussion

Fig. 1 illustrates the preparation procedure of the CoOS@NSC com-
posites. First, Co-Al LDH nanosheets were synthesized by a co-deposi-
tion method. Second, the Co-Al LDH nanosheets were used as a 2D
template for an in-situ growth of a polydopamine (PDA) shell, thus to
obtain a core-shelled Co-Al LDH@PDA composite. Third, the Co-Al
LDH@PDA composites were converted into the CoOS@NSC composites
by high-temperature sulfidation using sublimed sulfur as the sulfur
source. During the high-temperature sulfidation, the Co-Al LDH core
was sulfided into porous CoS nanosheets, while the PDA shell was
converted into nitrogen and sulfur co-doped carbon at high sulfidation
temperature. The CoOS@NSC-1, CoS@NSC-2 and CoS@NSC-3 represent
the products prepared at the sulfidation temperature of 400, 600 and
800 °C, respectively. Control sample of CoS was prepared by using neat
Co-Al LDH as the precursor at the sulfidation temperature of 600 °C.

The morphologies of as-prepared Co-Al LDH and Co-Al LDH@PDA
were characterized by SEM observations. Neat Co-Al LDH exhibits a
hexagon morphology with uniform sizes (Fig. 2a-b). The rough surface
of the Co-Al LDH@PDA clearly indicates the successful coating of the
PDA shell on the Co-Al LDH template (Fig. 2c—d). X-ray diffraction
(XRD) analysis was employed to gain insight into crystalline structures
of the Co-Al LDH, Co-Al LDH@PDA, CoS and CoS@NSC (Figs. S1 and
2e). The characteristic diffraction patterns of Co-Al LDH correspond to
(003), (006), (012), (015) and (018) crystalline planes, respectively
(Fig. Sla), confirming the synthesis of Co-Al LDH through the co-de-
position method derived from mixed solution of cobalt salt, aluminum
salt and urea [35,36]. Upon the coating with PDA shells, sharp

CoS@NSC

characteristic diffraction patterns of (003) and (006) crystalline planes
maintain well for the Co-Al LDH@PDA, indicating that there is no
evident crystalline structure change in the process of PDA coating on
the Co-Al LDH (Fig. S1b). Fig. 2e demonstrates that the diffraction
patterns of the CoS@NSC and CoS correspond with spinel CoS (JCPDF
No. 65-3418). In details, a series of sharp and well-defined diffraction
patterns at 20 = 30.6°, 35.2°, 46.9° and 54.4° corresponds to (100),
(101), (102) and (110) crystalline planes, respectively, suggesting that
the as-synthesized CoS@NSC has a good crystallinity of spinel CoS.
Raman spectra plays an important role in detecting chemical structures
of carbon materials. Raman spectra of the CoOS@NSC-1, CoS@NSC-2
and CoS@NSC-3 include two typical peaks at ~1350 and 1560 cm ™ *,
which correspond to D band (amorphous carbon) and G band (graphitic
carbon) (Fig. 2f), respectively. For comparison, no noticeable Raman
peaks ascribing to carbon structures are observed in the CoS. Raman
spectra also indicates the graphitization degrees of pyrolyzed carbon
shells derived from the PDA. The intensity ratio of the D and G bands
(Ip/I;) follows the order of CoS@NSC-3 (0.75) < CoS@NSC-1
(0.88) < CoS@NSC-2 (0.93). The higher Ip/I; ratio indicates more
disordered carbon structures within the CoS@NSC composites due to
the efficient nitrogen and sulfur doping [37].

SEM images of as-prepared CoS@NSC were shown in Fig. 3a-f,
which almost preserve the uniform hexagon nanosheet morphology of
the Co-Al LDH@PDA. However, more fragments instead of uniform
hexagon nanosheets are observed for the CoS without PDA coating (Fig.
S2), which indicates a unique protective role of PDA coating for
maintaining 2D nanosheet morphology. Besides, tiny carbon particles
are also observed on the surface of CoS@NSC, which is due to the
carbonization of excess PDA coating. The hexagon structure is well
maintained for the CoS@NSC-1 and CoS@NSC-2, while a large pro-
portion of fragments are observed for the CoS@NSC-3. The interior
structure of the CoOS@NSC-2 is further investigated by TEM (Fig. 3g—i).
Fig. 3g presents the representative core-shell nanosheet structure of the
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Fig. 2. SEM images of (a, b) Co-Al LDH and (c, d) Co-Al LDH@PDA. (e) XRD patterns and (f) Raman spectra of CoS, CoOS@NSC-1, CoOS@NSC-2 and CoS@NSC-3.
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Fig. 3. SEM images of (a, b) CoOS@NSC-1, (c, d) CoOS@NSC-2 and (e, f) COS@NSC-3. (g, h) TEM and (i) HRTEM images of CoOS@NSC-2. Elements mappings of CoS@

NSC-2 of (j) Co, (k) S, (1) C and (m) N elements.

CoS@NSC-2 with an obvious carbon shell on hexagon nanosheet core.
The thickness of continuous carbon shell within the CoS@NSC-2 is
calculated about 20 nm from high-magnification TEM image (Fig. 3h).
The CoS cores within CoS@NSC-2 showing lattice fringes with the
spacing of 0.29 and 0.19nm (Fig. 3i), correspond to (100) and (102)
planes of spinel CoS, which is in good agreement with XRD results.
Elemental mappings reveal that the CoS@NSC-2 is a well-designed
core-shell structure with uniformly distributed Co, S, C and N elements
(Fig. 3j-m). The contents of N and S element in COS@NSC-2 composites
are calculated to be 13.4wt% and 8.1 wt%, respectively, from ele-
mental mapping results. The sufficient N and S doping in the NSC shell
originate from N-rich components of PDA and subsequent sulfidation
process, respectively.

Half coin cells with lithium foil as the counter electrode were as-
sembled to evaluate the lithium storage ability of the CoS@NSC. The
electrochemical measurements were performed in the potential window
of 0.01-3.0 V. Fig. 4a shows the cyclic voltammetry (CV) curves of the
CoS@NSC-2 electrode at a scan rate of 0.1mVs~! to determine its
reversible redox process. The 1st cathodic scan of the CoS@NSC-2 de-
monstrates a sharp peak at ~1.25V corresponding to the reduction of
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Co2%* to metallic Co, and a small peak at ~1.58 V relates to an irre-
versible reaction to form the solid electrolyte interphase (SEI). The
sharp oxidation peak at ~2.03V is attributed to the oxidation of me-
tallic Co into CoS. After the 1st cycle, CV curves of the 2nd and 5th
cycles are overlapped with similar redox peaks, indicating a reversible
electrochemical process of electrochemical reaction in the core-shell
CoS@NSC-2 electrode. The electrochemical cycling performance of the
CoS@NSC-2 electrode is further evaluated by galvanostatic charging/
discharging (GCD) at a current density of 1 A g™ ! in the potential range
of 0.01-3.0V vs. Li/Li*. Fig. 4b indicates one pair of well defined
plateaus for the CoS@NSC-2, which is in good agreement with the CV
results. During the 1st cycle, the high discharge/charge capacities of
1099 and 728 mAh g~ are obtained. At the 5th cycle, the discharge
capacity decreases to 754mAh g~ '. The electrochemical performance
for CoOS@NSC-2 electrode is much better than that of the CoS@NSC-1
and CoS@NSC-3 electrodes (Fig. S3) with largely improved specific
capacity and capacity retention in the following GCD cycles. Fig. 4c
shows the rate capabilities of the CoS@NSC and CoS electrodes at
various current densities. All the CoOS@NSC electrodes exhibit higher
specific capacity and stability than that of the CoS electrode especially
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Fig. 4. (a) CV curves of CoOS@NSC-2 electrode for 1st, 2nd and 5th cycle at 0.1 mV s~ ! within the potential range of 0.01-3.0 V. (b) GCD profiles of CoOS@NSC-2
electrode for 1st, 2nd and 5th cycle at 1 Ag~". (c) Rate capacity of CoS, COS@NSC-1, CoOS@NSC-2 and CoS@NSC-3 electrodes. (d) EIS curves of CoS, CoOS@NSC-1,
CoS@NSC-2 and CoS@NSC-3 electrodes. Inset of (d) is corresponding equivalent circuit model. (e) Cycling performance of CoS, CoOS@NSC-1, CoOS@NSC-2 and CoS@

NSC-3 electrodes at 1Ag~".

at high current density. The CoOS@NSC-2 electrode delivers the highest
capacity at various current densities among all the CoS@NSC elec-
trodes, which is attributed to the unique confinement of the NSC shell
around the CoS core. The electrochemical impedance spectroscopy
(EIS) represented in terms of Nyquist plots consists of high-frequency
and low-frequency regions (Fig. 4d), respectively. Inset of Fig. 4d shows
the fitted equivalent circuits according to the measured EIS curves. In
the equivalent circuits, the Ry, R and R, represent the current col-
lector/electrolyte resistance, SEI layer resistance and charge-transfer
resistance, respectively, and the Q;, Q» and Z, represent the constant
phase element (CPE), double layer capacitance, Warburg impedance,
respectively. The R, of COS@NSC-2 electrode (35.2(2) is the smallest
among CoS@NSC composites and CoS electrodes. Fig. 4e shows the
cycling stability of the CoS@NSC and CoS electrodes at a current

density of 1 Ag~"' in the potential range from 0.01 to 3.0V vs. Li/Li*.
The CoS@NSC-2 electrode delivers a reversible specific capacity of
635mAh g~ ! without obvious capacity decay after 100 cycles, which
further demonstrates its good reversibility of the lithiation/delithiation
process. For comparison, neat CoS electrode without the NSC shell ty-
pically shows a rapid capacity decay after 100 cycles, reaching a dis-
charge capacity of 310 mA h g~ *. These results further demonstrate the
superior cycling stability of the CoOS@NSC-2 electrode due to the pro-
tective effect of NSC shells.

The excellent lithium storage performance of the CoS@NSC-2
electrode, in terms of large specific capacity, superior cycle stability and
excellent rate capability, is attributed to the unique structural features
of porous CoS nanosheets and surrounded NSC shells. First, 2D porous
CoS nanosheets allow an enhanced kinetic rate for lithium ions with
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short insertion/extraction diffusions, which is critical for lithium ion
diffusion especially during fast discharge and charge process. The
porous CoS structure also offers a sufficient void space to effectively
accommodate volume changes induced by insertion/extraction of li-
thium ions and thus alleviate mechanical stress caused by volume
change, resulting in stable electrode structures with excellent cycling
performance. Second, the presence of surrounded N, S co-doped NSC
shells also enhances the charge transportation throughout core-shell
structure with the obvious smaller charge transfer resistance
[26,38,39]. The NSC shell also functions as a buffering layer to relieve
the volume expansion of embedded CoS nanosheets and thus improve
the structural integrity.

3. Conclusion

In summary, the Co-Al LDH nanosheets were used as a 2D template
for a uniform growth of PDA, thus to obtain the Co-Al LDH@PDA
composites. The CoS@NSC composites with a unique core-shell struc-
ture were prepared by confined sulfidation strategy, using the Co-Al
LDH@PDA and sulfur powder as the precursor and sulfur source, re-
spectively. The NSC shells on CoS cores can greatly enhance the elec-
trical conductivity and accommodate the volume expansion during the
charge/discharge process. When employed as anode materials for LIB,
the CoS@NSC electrodes can achieve highly efficient and stable lithium
ion storage with an ultrahigh initial capacity of 635mAhg~! and a
long lifespan of 100 cycles at the current density of 1 A g~ *. The largely
enhanced electrochemical performance of the CoOS@NSC composites is
attributed to the unique 2D hexagon nanosheet morphology of porous
CoS confined in an NSC shell, which can efficiently reduce the ion
diffusion length, buffer the volume expansion during ion insertion/ex-
traction process. This study may provide a simple and efficient way for
the design and preparation of novel metal sulfide-based composites for
the applications in high-performance LIB.
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