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Abstract

To address the severe volume changes of transition metal chalcogenides that results in
inferior cycling performance, herein, a unique yolk-shell microsphere composed of
mesoporous cobalt sulfide yolk and alveolus-like carbon shell (M-CoS@C) is
constructed. The mesoporous CoS yolks possess large surface area (46.3 m? g)
accompanied with the interconnected mesoporous structure, which provides a large
contact area to facilitate the permeation of the electrolyte and shorten the ion diffusion
path. The alveolus-like carbon shells provide enough void spaces and highly
self-adaptive structure to ensure the high stability of the electrode. Owing to the
multifunctionality of this unique structure, the M-CoS@C electrode shows impressive
cycling stability (790 mAh g™ after 500 cycles at 1 A g™ for Li-storage, 532 mAh g™
after 100 cycles at 0.2 A g™ for Na-storage) and excellent rate capability (330 mAh g™
at 20 A g™ for Li-storage, 190 mAh g* at 20 A g™ for Na-storage). This unique
mesoporous Yyolks@alveolus-like carbon shell structure and the self-sacrificing
synthesis method present the effective strategies to promote the utilization of

transition metal chalcogenides for practical applications.

Keywords: self-adaption; yolk-shell structure; cobalt sulfide; high performance;

alkali cations storage



1. Introduction
In order to address the shortage of green energy and emissions of carbon oxides,
many efforts have been devoted to innovating the high-efficiency and
environment-friendly energy storage systems. Among the various energy storage
systems, the market is hugely dominated by lithium-ion batteries (LIBs) due to their
outstanding features which include high energy density, high power density, and long
lifespan.[1] Recently, sodium-ion batteries (SIBs) are fast-becoming another
promising storage device for large-scale energy storage systems due to the low cost
and abundant resources of sodium when compared to lithium.[2-4] The both two
energy storage technologies have their own application fields, however, the
state-of-the-art LIBs and SIBs are still unable to satisfy the ever-increasing demand of
energy consumption. What’s more, many high-performance anode materials for LIBs
cannot be applied in SIBs because of the larger diameter of sodium ions (Li*: 0.76 A;
Na*: 1.02 A).[5] Up to now, many alternative materials, including carbon-based
materials, metal oxides and alloy-based materials, have been explored as potential
anodes for SIBs.[6-11] Although some encouraging progresses have been made,
developing appropriate anode materials with high capacity and long cycle stability
still requires further research to successfully cope with the series of challenges posed
by the energy crisis.

Among anode materials, transition metal chalcogenides (TMCs) have

demonstrated higher reversible capacity compared to the insertion-type anode



materials, especially for SIBs.[12-15] Recently, cobalt sulfides are considered as a
host material for Li* and Na* owing to their low cost and high theoretical capacity.[16,
17] However, the detrimental effect of severe volume changes makes them deliver
inferior electrochemical performances, especially unsatisfied cyclability. The
nanoarchitecture construction and carbon modification, such as hollow structure CoSy
and sandwich-like cobalt sulfide-graphene composites, have been used to improve
their electrochemical performances.[17-19] Nevertheless, the construction of their
self-structure and the decoration with open carbon system were unable to fully
overcome the essential issue of the severe volume changes. It has been demonstrated
that the confined structure, such as yolk-shell carbon-coated structure, is extremely
effective at improving the stability of the electrodes.[20-26] Two key points must be
considered in constructing an effective yolk-shell carbon-coated structure: i) adequate
void space for the expansion of the yolk during cycling process; ii) appropriate
thickness of the carbon shell to ensure robust mechanical properties and fast kinetics.
Therefore, predictably, a controlled yolk-shell structure will effectively improve the
electrochemical performances of cobalt sulfides, which has great significance for
promoting the practical applications of large-volume-change anode materials.

In this manuscript, we have successfully explored an ingenious method to
synthesize a unique yolk-shell microsphere composed of mesoporous cobalt sulfide
yolk and alveolus-like carbon shell (M-CoS@C) for the very first time. The
mesoporous CoS (M-CoS) yolks with an average pore size of ~15 nm offer large

electrode/electrolyte contact areas and short diffusion paths for electron and ions. The
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alveolus-like carbon shells provide a spatially confined structure to guarantee the
integrity of the yolk during cycling process. Owing to the multifunctionality of the
M-CoS@C structure, the M-CoS@C electrode shows impressive cycling stability and
excellent rate capability for Li* and Na™ storage.

2. Experimental section

2.1 Experimental Methods.

Synthesis of the precursor: The precursor was synthesized through a
room-temperature solvent method. Specifically, Co(NO3),-6H,O (3 mmol) and
thioacetamide (TAA, 15 mmol) were dissolved in ethyl alcohol (40 mL) under stirring
for 0.5 h. The obtained wine-red solution was allowed to stand at room-temperature
for 5days. The precursor was collected after washing with three times of ethyl alcohol
and then dried under vacuum at 80 °C overnight for further use.

Synthesis of the precursor@SiO, microspheres: The as-synthesized precursor (300 mg)
obtained above was well dispersed in a mixed solvent that is composed of ethyl
alcohol (35mL) and deionized water (5 mL) with the assistance of ultrasonication (0.5
h) and stirring (0.5 h). Then, NH4OH solution (0.7 mL) and tetraethyl orthosilicate
(0.2 mL) were added to the above suspension and stirring for another 4 h at
room-temperature. The core-shell precursor@SiO, microspheres were collected and
washed three times with ethyl alcohol.

Synthesis of the yolk-shell M-CoS@C: The obtained precursor@SiO, microspheres
were dispersed in mixed solvent that composed of ethyl alcohol (35 mL) and
deionized water (5 mL) without drying. After 0.5 h stirring, resorcinol (150 mg) and
NH4OH solution (1.5 mL) were added sequentially and stirred for another 10 min.
Then, formalin (F, 0.21 mL) was finally added. After continually stirring for 24 h, the
obtained precursor@SiO,@RF microspheres were collected and washed three times
with ethyl alcohol. The yolk-shell M-CoS@SiO,@C was prepared by annealing of the
precursor@SiO,@RF powder at 600 °C for 4 h in vacuum. Finally, the silica layer



was etched away by the HF solution (5 wt.%), and the yolk-shell M-CoS@C
microspheres were obtained. A control sample was synthesized by following the same
procedures, whiles adjusting the resorcinol and formalin to 200 mg and 0.28 mL,

respectively (denoted as M-CoS@C-200).

2.2 Materials Characterization.

Scanning electron microscopy (SEM) images were collected with a JEOL-7100F
microscope (accelerating voltage 20 kV). Transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) images, and corresponding element mapping
analyses were recorded by using a JSM-2010 microscope. X-ray diffraction (XRD)
patterns were obtained on a D8 Advance X-ray diffractometer, using Cu-Ka radiation
(L =1.5418 A). Fourier transform infrared spectroscopy (FTIR) spectra were obtained
using a Nexus system. Raman spectra were collected by a Renishaw INVIA
micro-Raman spectroscopy system. BET surface areas were measured using Tristar |1
3020 instrument by nitrogen adsorption of at 77 K. Thermogravimetric analysis (TGA)
was performed using a Netzsch STA 449 F5 simultaneous analyzer and the sample
was heated from room temperature to 800 °C in Ar and air with a heating rate of
10 °C min™,

2.3 Electrochemical measurements.

The working electrodes were prepared by mixing 80 wt.% active material, 15 wt.%
acetylene black and 5 wt.% carboxyl methyl cellulose (CMC) binder. The slurry was
cast onto Ti foil by using a doctor blade and dried in a vacuum oven at 70 °C for 8 h.
The mass loading of active materials was 1.0 mg cm™. Then, the electrochemical

properties were characterized by assembling 2016 coin cells with Li/Na foils as the
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anode. During the assembly process, a 1 M of LiPFg in ethylene carbonate (EC) and
dimethyl carbonate (DMC) (1:1, vol.%) was used as an electrolyte for LIBs testing.
Alternatively, a 1 M of NaClO, in propylene carbonate (PC) with 5 wt.% of FEC
served as the electrolyte for SIBs testing. A volume of 100 puL electrolyte was added
for each coin cell. Galvanostatic charge/discharge measurements were performed
using a multichannel battery testing system (LAND CT2001A). Cycling voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) were collected with an
Autolab potentiostat/galvanostat at original open circuit potential at room temperature.
The EIS measured from 0.01 Hz-100 kHz.

3. Results and Discussion

The M-CoS@C yolk—shell structures were synthesized as shown schematically in
Figure la (see Methods section for details). First, the precursor with microsphere
morphology (diameter range between 1~5 um) was prepared at room temperature
(Figure 1b, f, and Figure S1). Second, a layer of condensed silica was coated on the
precursor microsphere via the conventional Stober method, followed by coating with
a polymeric layer of resorcinol-formaldehyde (RF). Then the intermediate product
was annealed at 600 °C under vacuum to obtain the M-CoS@SiO,@C. Finally, the
silica layer was etched by dilute HF to form the M-CoS@C. The precursor plays a
vital role in the construction of M-CoS@C. Owing to the large size of the precursor,
the SiO, layer forms protuberances on the surface of the precursor microsphere
(Figure 1a,c, and g).[27] Moreover, the energy dispersive X-ray (EDX) analysis and

elements mapping show the uniform distribution of S and Co in the precursor with a
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high atomic ratio of S:Co (about 4.6:1 as shown in Figure Sla-e). FTIR spectra of
thioacetamide, the precursor and CoS are compared in Figure S1f. The results
demonstrate that the precursor is a Co-thioacetamide complexes. The excess S in the
precursor evaporated during the carbonization process, which resulted in a remarkable
weight loss (Figure S1g) and led to drastic volume contraction and the formation of a
mesoporous yolk (Figure 1a). Figure S2 displays the morphology of the M-CoS.
After calcination, the sphere structure was maintained with a rough surface (Figure
S2a,b). The TEM and high-angle annular dark field (HAADF) images clearly show
the mesoporous feature of the M-CoS (Figure S2c,d). The diameter of the core
reduced from 2.2 to 1.5 um during the calcination process (Figure 1h), indicating that
the self-sacrificing generated void space can withstand at least 215% of the volume
expansion of the CoS yolk, excluding the space of SiO, and mesopores. The
theoretical volume changes of CoS during cycling process when used for Li/Na
storage can be estimated according to the conversion reaction[28]:
CoS + 2Li/Na — Co + Li,S/NayS

The volume variation is calculated to be ~105% for Li-storage (Vcos = Mcos/pcos
= 16.7 cm®, Vo = 6.62 cm?®, Vi jps = 27.68 cm®) and ~191% (Vnazs = 41.96 cm®) for
Na-storage,”® which can be easily accommodated by the void space. The SEM and
TEM images exhibit that the M-CoS yolk is well confined by an alveolus-like carbon
shell (Figure 1e,i). The thickness of the carbon shell is about 23 nm, as shown in the
inset of Figure 1i. However, without the pre-coated SiO,, the RF layer were unable to

uniformly coat on the precursor spheres (Figure S3), demonstrating the indispensable
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role of SiO; layer for the construction of M-CoS@C.

As depicted in the XRD patterns of the three samples, the precursor exhibits an
amorphous feature (Figure 2a). All diffraction peaks of the M-CoS and M-CoS@C
can be indexed to hexagonal CoS with lattice constants a = 3.368 A, ¢ = 5.170 A
(JCPDF 03-065-3418) without impurity, indicating the precursor has been totally
transformed into CoS after calcination. No diffraction peak of the carbon shell can be
detected because of its amorphous feature. Raman spectra were used to analyze the
property of the carbon shell, as shown in Figure 2b. Two peaks centred at 1348 and
1587 cm™ can be observed for the yolk-shell M-CoS@C, corresponding to the D-band
(disorder-induced) and G-band (graphitic) of carbon.[29] The carbon content of the
M-CoS@C is estimated to be 29.5%, according to the thermogravimetric analysis
results (Figure S4). The pore structure of the three samples was examined by N,
adsorption/desorption technique (Figure 2c,d). The N; adsorption/desorption
isotherm of the precursor shows no pores in the precursor and its BET specific surface
area is 0.8 m? g*. The isotherm of M-CoS can be indexed to type IV isotherm with H1
type hysteresis loops, which demonstrates that the M-CoS possesses interconnected
pores with narrow size distributions.[30] The BJH adsorption pore distribution plot of
M-CoS depicts that its pore sizes mainly concentrate on ~15 nm, which well coincide
with the isotherm and TEM image (Figure 2d). The BET specific surface area of
M-CoS is estimated to be 46.3 m? g}, which is much higher than that of the precursor.
Such large surface area accompanied with the interconnected mesoporous structure

effectively provide a large contact area to facilitate the permeation of the electrolyte
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and shorten the ion diffusion path. After constructing the yolk-shell structure, the
M-CoS@C shows an IV isotherm with H2 type hysteresis loops, resulting from the
large void space confined by the carbon shell which is similar to the 'ink bottle'
pores.[30] The BET specific surface area is increased to 166.2 m? g™ because of the
carbon shell. The pore sizes of M-CoS@C concentrate on ~3.5 and ~15 nm,
corresponding to the pores of carbon shell and CoS yolk, respectively. The HAADF
image of the M-CoS@C shows that the CoS yolk possesses a rough surface similar to
M-CoS, indicating the mesoporous structure was well maintained after carbon coating.
The HRTEM image in the inset of Figure 2e clearly displays a set of parallel fringes
with d-spacing of 0.17 nm, corresponding to the (110) plane of CoS. Moreover, the
elements mapping of the yolk-shell M-CoS@C demonstrate that the CoS yolk is
totally confined by the alveolus-like carbon shell with a large void space (Figure
2f-g). All these results verify that mesoporous CoS encapsulated by alveolus-like
carbon in a yolk-shell structure has been successfully fabricated.

The electrochemical lithium storage properties of both the yolk-shell M-CoS@C
and M-CoS microspheres are compared in Figure 3. Cyclic voltammogram (CV) was
first used to analyse the redox process of the samples during cycling. It is clearly
shown that the reduction peak of M-CoS@C at 0.35 V is much higher than that of the
M-CoS at the first discharge process (Figure 3a,b). This can be explained by the
formation of more SEI due to the carbon shell. The following cycles exhibit two
oxidation peaks (2.09 and 2.38 V) and two reduction peaks (1.30 and 1.73 V), which

is similar to previously reported hierarchical CoSy (Co:S = 1:0.9).[18] This result
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demonstrates that the redox processes after the first cycle are related to the ratio of
cations and anions in the materials instead of the components for conversion type
materials. Interestingly, M-CoS@C shows an activation process accompanied with the
increase of capacity and decrease of polarization (the blue arrow in Figure 3a). On
the contrary M-CoS shows an obviously increased polarization and decreased
capacity based on the CV curves (the red arrow in Figure 3b), which is attributed to
its sluggish kinetics resulting from the pulverization of the electrode. Figure 3c
displays the comparison of the cycling performances of M-CoS@C (the capacities are
calculated based on the mass of the composite) and M-CoS. It is manifested that the
yolk-shell M-CoS@C electrode delivers much better stability than that of M-CoS.
Even after 500 cycles at 1 A g™, the M-CoS@C still displays a high reversible
capacity of 790 mAh g™, much higher than that of M-CoS (322 mAh g™). Particularly,
the capacity of M-CoS decreases from 736 to 195 mAh g™ within 50 cycles because
of structure deterioration, which is in well agreement with the CV results. The
corresponding discharge/charge curves of the two samples are depicted in Figure S5.
The M-CoS@C electrode exhibits stable discharge/charge curves with obvious
charge-discharge platforms after 500 cycles, indicating a highly stable structure
(Figure S5a). On the contrary, the platforms of M-CoS electrode totally disappear
after 50 cycles, indicating the deactivation of CoS owing to the sluggish kinetics
(Figure S5b). Furthermore, the rate performances of each sample were further
investigated at various current densities ranging from 0.1 to 20 A g™ (Figure 3d.e).

The M-CoS exhibits higher capacity than the M-CoS@C during the first few cycles at
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0.1 Ag™ due to the carbon component in the M-CoS@C. Beyond that, the M-CoS@C
electrode delivers capacities of 880, 835, 795, 715, 600, 485, and 330 mAh g at 0.2,
0.5, 1, 2, 5, 10, and 20 A g™ respectively, which is much higher than that of the
M-CoS electrode (Figure 3d). Furthermore, when the rate is directly reduced again to
0.2 A g, the M-CoS@C electrode recovers a capacity of 920 mAh g™, which is
higher than that of the first few cycles. This is due to the activation process similar to
its cycling performance. Except for its stable structure, the high performances of the
M-CoS@C electrode also benefit from the improved electronic conductivity which
was confirmed by the EIS spectra (Figure S6). The charge transfer resistance (Rc)
reduced from 111 to 69 Q after constructing the yolk-shell M- CoS@C structure. It is
noteworthy that the thickness of the carbon shell, which is the crucial factor
influencing its robust mechanical properties, does not translate into better
performance with increasing thickness. A yolk-shell M-CoS@C electrode with a
thicker carbon shell (denoted as M-CoS@C-200) was synthesized and as shown in the
inset of Figure S6b, it shows an increased R (149 Q as shown in Figure S6a). It
delivers an inferior rate performance due to increased carbon content and R, although
it shows an improved cycling stability (Figure S6b). All these results demonstrate
that the yolk-shell M-CoS@C constructed with an appropriate carbon shell offers an
extremely stable structure and increased electronic conductivity which improves the
electrochemical performances of the electrode significantly.

The electrochemical sodium-storage properties of each sample are further

evaluated (Figure 4). The CV curve (Figure 4a) shows three reduction peaks (0.45,
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0.85 and 1.12 V) and an oxidation peak (1.83 V) after the first cycles, indicating a
conversion process similar to previous report.[18] From the CV curves, it is clearly
shown that the M-CoS@C electrode possesses much better reversibility than the
M-CoS (Figure 4a and Figure S7a). The cycling performances of the two samples at
0.2 A g* are shown in Figure 4b. After 100 cycles at 0.2 A g™, a high reversible
capacity of 532 mAh g™ still can be obtained for the M-CoS@C electrode,
corresponding to a capacity retention of 87.2% (relative to that of the second cycle).
Even at a high rate of 1 A g™, the M-CoS@C electrode also shows an impressive
cyclability (Figure S7b). On the contrary, the capacity of M-CoS decreases rapidly to
55 mAh g™ within 5 cycles. Its corresponding discharge/charge curves show that the
platform of M-CoS is almost non-existents at the 3" cycle, which indicates that the
structure deterioration has a larger impact on the SIBs due to the larger diameter of
Na* (Figure S7d). Furthermore, the yolk-shell structure also endows the M-CoS@C
electrode with impressive rate capability with capacities of 635, 570, 530, 490, 440,
360, 295, and 190 mAh g™ at 0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 A g™ respectively
(Figure 4c,d). When the current density return back to 0.2 A g™, the capacity recovers
to 570 mAh g* with an overlapped discharge/charge curves, indicating a superior
stability of the yolk-shell structure (Figure 4d).

Figure S8 shows the XRD pattern and TEM image of the CoS electrode after
discharging to 0.01 V (vs. Li*/Li). The XRD pattern confirms the existence of Co
(JCPDF 00-015-0806) and Li,S (JCPDF 01-077-2145) at the fully discharged state of

CosS electrode (Figure S8a). The HRTEM image in the inset of Figure S8b clearly
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displays a set of parallel fringes with d-spacing of 0.2 nm, corresponding to the (111)
plane of Co. These results confirm the conversion reaction between CoS and Li. To
verify the influence of the structure on the electrochemical performances, ex-situ
SEM images of the electrodes applied in LIBs at different cycles at full-charge state
were acquired (Figure 5). It is clearly shown that, after 10 cycles, the particles of
M-CoS break into two pieces because of the large volume change during cycling
processes. After 50 cycles, the particles are totally pulverized along with the rapid
capacity fading. On the contrary, the yolk-shell M-CoS@C exhibits very good
integrity even after 50 cycles, demonstrating an excellent stability of the M-CoS@C
electrode. The schematics of the morphological changes of these two samples are
illustrated in Figure 5b. The M-CoS particle undergoes an uncontrolled volume
expansion during the discharge process, resulting in the fracture of the particle.
During charge process, the fragments of the particle shrink and separate from each
other, leading to the pulverization and deactivation of the electrode.[31] After
constructing the unique yolk-shell structure, the alveolus-like carbon shell confines
the volume expansion of the M-CoS particle during the discharge process, which is
similar to the expansion of alveolus during respiration process. This phenomena
demonstrate the unique alveolus-like shell is able to effectively trap the huge volume
changes of active materials, which improves the cycling stability greatly.

The ex-situ TEM image depicts that, after 50 cycles, the alveolus-like carbon
shell still maintains a good integrity with an increased thickness of 43 nm due to the

formation of SEI layer (Figure 6a and the inset figure). Furthermore, the CoS yolk
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is still well confined in the alveolus-like carbon shell after 50 cycles according to the
elements mappings (Figure 6b-e). These results clearly indicate that the void spaces
are large enough to accommodate the volume expansion of CoS particles during the
discharge/charge process as expected. Finally, the carbon shells can improve the
conductivity and help to form a stable SEI layer. Therefore, the unique yolk-shell
M-CoS@C composite is capable of achieving excellent cycling stability and rate
capability, both for Li-storage and Na-storage.

4. Conclusion

In summary, a unique Yyolk-shell M-CoS@C composite has been successfully
fabricated for the first time, in which the mesoporous CoS yolks are well confined in
the carbon shells. The alveolus-like carbon shells offer a highly self-adaptive structure
which can trap the active materials effectively. Benefiting from this unique yolk-shell
structure, the M-CoS@C electrode is able to achieve superior electrochemical
performances when applied in energy storage systems. Furthermore, this
self-sacrificing generated void space method can be easily extended to the low sulfur

content metal chalcogenides to improve their electrochemical performances.
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1) Sitica coating

Il) RF coating

Pracursor Precursor@SIOPRF M-CoS@S0QC M-CoS@C

Figure 1. (a) Schematic illustration of the synthesis of yolk-shell M-CoS@C. SEM (b)
and TEM (f) images of the precursor. SEM (c) and TEM (g) images of the
precursor@SiO,@RF. SEM (d) and TEM (h) images of the M-CoS@SiO,@C. SEM

(d) and TEM (h) images of the yolk-shell M-CoS@C. Scale bar, 1 um.
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Figure 2. Physical characterization of the samples. XRD patterns (a), Raman spectra
(b) and N sorption isotherms (c) of the precursor, M-CoS, and yolk-shell M-CoS@C.
Pore size distribution curve (d) of M-CoS and yolk-shell M-CoS@C. (e) Scanning
TEM (STEM) and high-resolution TEM (inset) images of the yolk-shell M-CoS@C.

(f-h) Element mapping for the yolk-shell M-CoS@C.
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Figure 3. Electrochemical performance of the yolk-shell M-CoS@C as an anode in
LIBs. Cyclic voltammograms of (a) the yolk-shell M-CoS@C and (b) M-CoS at the
scan rate of 0.2 mV s between 0.01-3 V. Cycling performances at 1 A g™ (c) and
rate capability (d) at various current rates of the M-CoS and the yolk-shell M-CoS@C.
(e) The corresponding discharge/charge curves of the yolk-shell M-CoS@C at various

current rates.
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Figure 4. Electrochemical performance of the yolk-shell M-CoS@C as an anode in

SIBs. (a) Cyclic voltammograms of the yolk-shell M-CoS@C at the scan rate of 0.2

mV s™ between 0.01-3 V. Cycling performances at 0.2 A g™ (b) and rate capability (c)

at various current rates of the M-CoS and the yolk-shell M-CoS@C. (d) The

corresponding discharge/charge curves of the yolk-shell M-CoS@C at various current

rates.
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Figure 5. Morphological changes of the M-CoS and yolk-shell M-CoS@C during the

cycling process. (@) The SEM images of the M-CoS and yolk-shell M-CoS@C at 0,

10th and 50th cycle (full charge state) respectively, and their corresponding cycling

performances at 1 A g™*. Scale bar, 1 pm. (b) Schematic of the morphological changes

during the discharge/charge process.




Figure 6. TEM image (a), STEM image (b) and element mapping (c-e) of the

yolk-shell M-CoS@C after 50 cycles at 1 Ag™.
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Highlights

1. Developing a self-sacrificing generated void space method to synthesize a unique yolk-shell
mesoporous-CoS@C microsphere.

2. Mesoporous-CoS@C contains mesoporous CoS yolk and alveolus-like carbon shell.

3. Mesoporous-CoS@C electrode shows impressive cycling stability and excellent rate

capability for both Li* and Na" storage.
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