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Abstract

Heterogeneous interfaces interaction and multiscale nanostructures in two-dimensional (2D) materials hybrids are critically
significant for realizing rate capability and long-life cycling performance. However, to strike a balance between minimizing
the carbon content and maximizing the heterogeneous interfaces remains a critical challenge in nanoarchitectures for hybrid
few-layers MoS, with various carbonaceous materials. Here we present the ordered macroporous few-layered MoS,/C hybrid
nanoarchitectures via a facile scalable in situ hybridization and spatial confinement strategies. Such hybrid strategies can
maximize the MoS, loading and restriction of MoS, to a ultrasmall reaction. The optimized as-prepared hierarchical MoS,/C
hybrids exhibit an initial capacity up to 631.2 mAh g~! with a high first columbic efficiency of 81.16% for sodium-ion bat-
teries (BILs) at 200 mA g~'. And, the electrodes display a high reversible capacity of 330.4 mAh g~! with a long cycle life,
superior cycling stability and excellent high-rate performance demonstrated rational designed hybrid architecture using as
the electrodes in SIBs. This strategy could be proven to be an effective method for stabilizing the cyclability and improving

in rechargeable rate performance for SIBs.

1 Introduction

In the past several years, rechargeable SIBs have attracted
worldwide focus and exploration owing to their earth-
abundant natural resources, low cost and enhanced safety
characteristics [1-10]. Compared to lithium-ion batteries
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(LIBs), intrinsic limitations of SIBs are that Na* own a
much larger ionic radius (Na 1.02 vs. Li 0.76 A) and more
significant ionization [11-18]. Suffering from these nega-
tive factors, SIBs present dramatic impact on the electrode
crystal structure, the low voltage, fast capacity fading and
poorly reversible capacities. To overcome these drawbacks,
the ideal electrodes need to possess characteristics of both
rapid ion diffusion and higher capacities [19].

The molybdenum disulfides (MoS,) becomes a “shin-
ing star” as anode electrode candidates for SIBs, because
of the unique layered structure with large interlayer spacing
(0.62 nm) [20-23]. This structure character can benefit the
Na™ diffusion kinetics and the conversion reaction (MoS, to
metal Mo and Na,S) could enable high theoretical capac-
ity [24, 25]. However, the low utilization of MoS, caused
by low electronic conductivity limits its further application
[26]. The nano-sized MoS, tend to restack and pulveriza-
tion in cycling, decreasing the reversible capacity. Further-
more, the dissolved loss of active sulfur is not an ignored
negative factor for the capacity retention [27]. To solve
these problems, the previous explorations mostly focus on
coated MoS, onto various carbon materials such as graphene
[28], carbon nanotube [29], carbon sphere [30] and carbon
fiber cloth [31]. These nanocomposites have already been
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demonstrated that a synergistic effect on relatively enhanced
rate performance and increased cycling stability. In spite,
that the obviously tremendous progress of some excellent
reported MoS,-carbon nanocomposites has been achieved on
this front, cycling performance and sodium storage capac-
ity are far from satisfactory. How to make full utilization of
MoS,-carbon heterogeneous interfaces, offer adequate elec-
tric and chemical coupling bridging MoS, and carbon are
still facing a significant challenge [32]. An effective strategy
to address these issues is to embed few-layers or single-layer
MoS, in conductive carbon materials through the construc-
tion of hierarchical hybrid architectures. For example, Yu
and co-workers found that the hybrid fiber with single-
layered MoS, encapsulated in carbon matrix demonstrated
outstanding sodium storage and remarkable cycling stability,
which achieved the capacity of 484.0 at 1.0 Ag~! for BILs
after 100 cycles [33]. The restriction of MoS, to ultrathin
reaction results in a remarkable cycling performance. Chen’s
group synthesized few-layers MoS, nanosheets hybrid with
carbon embedded in the microspheres full with mesoporous
by spraying pyrolysis method. After 2500 cycles, the as-syn-
thesized hybrids demonstrated a capacity of 390 mAh g~! at
1.0 A g~! and superior high rate ability. The excellent elec-
trochemical performance can due to the rational design of
the few-layers MoS, nanosheets reaction confined by carbon
in microspheres [34]. Zhu et al. reported few-layered MoS,
and carbon composite nanotube by a facile hydrothermal
method. This composite displayed a capacity retention of
90% after 300 cycles at 0.5 A g~!. The improved cycling
stability could be attribute to the restriction of few-layers
MoS, dissolved in electrolyte and stable hollow composite
structure [35]. In such MoS,/C hybrids, rationally designed
hybrids architectures with minimized phase separation and
maximized heterogeneous interfaces have been recognized
as the key to solving the problems [29]. Precise scalable
control in few-layers or single-layer MoS, hybrids synthe-
sis and spontaneous construction of hierarchically nano-
architectures are challenging but significant in the practical
implementation.

Herein, we developed a facile scalable synthesis approach
to fabricate ordered macroporous few-layered MoS,/C
hybrid nanoarchitectures (OM-FM/C-HN) by in situ hybridi-
zation and spatial confinement strategies. The as-synthesized
architecture possesses a three-dimensional ordered macropo-
rous structure with thin hybrid nanowalls full of mesoporous
pores, which endows the effective electrolyte infiltration and
maintains high diffusion mobility of Na*. The electrochem-
istry can be stabilized by few-layers MoS, homogeneously
distribute and confinement in amorphous carbon walls,
greatly increasing heterogeneous interfaces areas and effec-
tive isolating MoS, phase. The products have manifested
the merits of an outstanding anode for SIBs: The optimized
as-prepared hierarchical MoS,/C hybrids exhibit an initial

capacity of 631.2 mAh g~! with a high first columbic effi-
ciency of 81.16% for BILs at 200 mA g™'. For the electrode,
high reversible capacity of 330.4 mAh g~! can be achieved
with the capacity retention of 55.46% after 1000 cycles.
This electrode in SIBs with superior cycling stability and
excellent high-rate performance demonstrates the rational
designed hybrid architecture.

2 Experimental section

2.1 Preparation of ordered macroporous MoS, (OM
MosS,)

SiO, colloidal microspheres were prepared via the StOber
method with a diameter of 420 nm [36]. The SiO, micro-
spheres were dispersed in ethanol and close-packed into
colloidal crystals by centrifugation (3000 rpm, 10 min).
After the SiO, template sintered at 850 °C for 20 min in
air to improve the mechanical strength, the interstitial
spaces between the SiO, microspheres were filled by 0.2 g
(NH,)¢Mo,0,,-4H,0 and 0.21 g CH,N,S solution in 20 ml
ethanol, followed by vacuum drying at 78 °C for 24 h. The
composite was placed in the middle of the furnace tube and
heated at 750 °C for 2 h under Ar. After natural cooling,
the composite was immersed in 5% HF solution for 2 h to
remove the SiO, template. OM MoS, was then obtained by
centrifugation and washed with deionized water.

2.2 Preparation of OM-FM/C-HN

The interstitial spaces between the sintered SiO, micro-
spheres were filled by 0.2 g (NH,)(Mo,0,,-4H,0, 0.21 g
CH,4N,S and varying weight citric acid solution in 20 ml
ethanol, followed in vacuum at 80 °C for 24 h. For compari-
son, different masses citric acid of 0.2, 0.6 and 1.2 g were
used to prepare OM-FM/C-HN. The samples were denoted
as OM-FM/C-HN1, OM-FM/C-HN2 and OM-FM/C-HN3
respectively. The synthesis procedure of ordered macropo-
rous carbon (OMC) as reference sample was similar with
that of OM-FM/C-HN but the interstitial spaces between the
Si0, microspheres were filled by 1.6 g citric acid and 0.35 g
concentrated sulfuric acid solution in 20 ml water, followed
in vacuum at 80 °C for 24 h.

2.3 Materials characterizations

The morphology of the hybrids was collected on Hitachi
S-4800 with an acceleration voltage of 20 kV, Transmission
electron microscopy (TEM), High-resolution transmission
electron microscopy (HRTEM) images and selected-area
electron diffraction (SAED) patterns were characterized by
a JEOL JEM-2010. The crystal phase of the hybrids was
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recorded by Max-2500 X-ray diffraction on Cu Ko X-ray
source. Raman spectra were collected on a WITec Raman
microscopy system (CRM 200 confocal). The surface com-
position and chemical environment of the hybrids were ana-
lyzed via PHI-5000 VersaProbe (Kratos Axis Ultra Al on
14 kV). Brunauer-Emmet-Teller (BET) surface areas were
measured using NOVA 2000 (Quantachrome, USA) instru-
ment to measure the adsorption of nitrogen. The pore size
distribution curves were calculated from the isotherm using
the Barrett—Joyner—Halenda (BJH) algorithm. The MoS,
loading mass was carried out on Thermo-Gravimetric Ana-
lyzer with a PerkinElmer Pyris 6 at a heating rate of 15 °C/
min in air.

2.4 Electrochemical measurements

Coin cells were fabricated by assembly of 2016 coin-type
cells in a pure argon gas filled glove box. The hybrids elec-
trode was made by homogeneously slurring the mixture of
active material (70 wt%), carbon blacks (20 wt%), and PVDF
(10 wt%) with N-methyl-2-pyrrolidone on Cu foil. For SIBs
fabrication, the metallic Na foil was carried out as the coun-
ter-electrode, 1.0 mol L™! NaPFj in ethylene carbonate(EC)/
diethyl carbonate (DEC) /fluoroethylene carbonate (FEC)
(1:1:0.05 v v™") was used as the electrolyte, and microporous
glass fiber as the separator. Galvanostatic charge/discharge
measurement was tested on a NEWARE BTS-610 (Newware
Technology Co., Ltd., China) at room temperature. Electro-
chemical workstation (CHI660E, Shanghai Chenhua Co.,
Ltd., China) was used to test cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS).

3 Results and discussion

The general electrode fabrication protocol is illustrated in
Fig. 1. First, the SiO, colloidal crystal template was obtained
after centrifuged at 3000 rpm and sintered at 800 °C in air
(Fig. 1a, b). Then the precursor was impregnated into the
channels of SiO, colloidal crystal template. Finally, MoS,
and carbon hybrids were in situ produced in the gaps of the
template after calcination. After selective removal of the
Si0, colloidal template, the ordered macroporous structure
with replicated ordered structure of the colloidal crystal tem-
plate was produced (Fig. 1d).

As shown in Fig. 2a, the SEM exhibits morphology of
the SiO, colloidal crystal template, which presents well-
ordered close packed array with an average center-to-center
distance about 420 nm. As the ordered macroporous struc-
ture is replicated from colloidal crystal, the as-prepared car-
bon and MoS, composites exhibit honeycomb-like structure
(Fig. 2b-f). Interestingly, this structure indicates that two
nanoscale pores: macropores with the sizes similar to the
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Fig. 1 Schematic illustration for the fabrication of the OM-FM/C-HN
electrodes

morphology of SiO, spheres and mesopores with tens of
nanometers formed by the contact spheres points. The SEM
image of OM MoS,, OM-FM/C-HN1, OM-FM/C-HN2,
OM-FM/C-HN3 and OMC demonstrate the well-ordered
nanostructure progressively deforms with increasing carbon
contains (Fig. 2b—f). This degradation of the ordered struc-
ture could due to the volumetric shrinkage of citric acid at
high temperature carbonization.

Figures 3a, S1 and S2 show TEM images of the macropo-
rous and mesoporous structure of OM MoS,, OM-FM/C-
HN1, OM-FM/C-HN2, OM-FM/C-HN3 and OMC. The pore
sizes of these materials well conform to the SEM images.
EDX line-scan profiles of Mo (red), S (green), C (yellow)
were taken across the nanoarchitecture of OM-FM/C-HN1,
which unambiguously confirms the existence and homo-
geneous distribution of Mo, S, and C within the ordered
macroporous nanoarchitecture (Fig. 3b). The EDX mapping
result also gives a strong evidence of uniformly distribution
of Mo, S, and C elements on the nanoarchitecture in Fig.
S3. Figure 3c, d reveal amorphous carbon and few-layers
MoS, layers distribute on the walls full with mesoporous in
OM-FM/C-HNI1. The interlayer spacing of the MoS, (002)
layers are measured about 0.81-0.99 nm in Fig. 1d, which
is much larger than the OM MoS, crystal of 0.63 nm. The
expansion of interlayer (002) planes distance can be mainly
attributed to the involvement of carbon molecules into the
MoS, interlamination, indicating the relatively strong inter-
facial interaction between amorphous carbon and MoS,.
The inset of Fig. 3d is the selected area electron diffraction
(SAED) patterns. The ring patterns indicate polycrystalline
phase of disorder distributed MoS, layers, and the patterns
are indexed as a typical MoS, hexagonal phase (P63/mmc).
Figure 3e, f indicate the polycrystalline nature of OM MoS,
and obviously lower density of mesopores in the MoS, archi-
tecture. The interlayer distance of (002) layers is 0.63 nm in
OM MoS,, which shows more orderly and narrow than that
of OM-FM/C-HNI1 (Fig. 3f). The inset of Fig. 3f shows the
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Fig.2 SEM images of electrodes: a SiO, crystal template. b—f OM MoS,, OM-FM/C-HN1/2/3, OMC electrodes

SAED pattern of OM MoS,, the sharper ring patterns further
confirm OM MoS, with higher crystallinity than OM-FM/C-
HNI1. Compared with OM-FM/C-HN1, the hybrid architec-
ture of OM-FM/C-HN2 owns more disordered and fewer
layers packing MoS, layers (Fig. S2b, c). As the increasing
contents of carbon, there are just many shorten and single-
layer MoS, thin layers distributed on the hybrid architecture
of OM-FM/C-HN3 (shown in Fig. S2f).

BET and BJH were respectively shown in Fig. S4a, b.
The pore size distribution reveals that as-prepared electrodes
possess 20—40 nm mesopores shown in TEM and 2-5 nm
mesopores observed in HRTEM. The specific surface area
and total pore volume of the electrodes gradually increase
with the increasing of carbon content (Fig. S4c). This phe-
nomenon may be ascribed to the volume shrinkage by pyrol-
ysis of citric acid, the higher weight rate of citric acid, the
greater volume shrinkage of the composite. And, this effect
not only leads to the well-ordered nanostructure deforma-
tion but mesopores generation. The volumetric shrinkage
phenomenon leaves lots of mesopores among the walls [37].

The crystallinity and crystal phases of the hybrids have
been investigated by X-ray diffraction analysis. As the

XRD patterns shown in Fig. 4a, four characteristic diffrac-
tion peaks (002), (100), (103) and (110) from 2H-MoS,
(JCPDS # 37-1492) and two diffraction peaks (002) and
(100) from carbon could be observed dominantly. Notably,
the OM MoS, exhibits a strong and sharp (002) diffraction
at 14.45° with a d-spacing of 0.63 nm, while the OM-FM/C-
HN1 shows a weak and broad (002) diffraction centered at
9.47° with a d-spacing of 0.96 nm. The results suggest the
arrangement of S—Mo-S layers become disordered, and
the interlayer spacing of adjacent MoS, layers be enlarged.
From OM MoS, to OM-FM/C-HN3, the crystalline peaks
(100), (103) and (110) corresponding to 2H-MoS, diffrac-
tion peaks become broaden and its (002) diffraction peaks
disappears. The increasing amorphous carbon percentage
can lead to the decrease crystallinity of 2H-MoS, [38].
Compared with OM-FM/C-HN1, the decreased crystallin-
ity can be interpreted by more single-layer MoS, with larger
interlayer spacing more disorderly disperse in the carbon
matrix in OM-FM/C-HN2. The peak intensity of carbon is
far stronger than that of MoS, for OM-FM/C-HN3, which
indicates the single layer of ultra-small MoS, distributed
in the architecture. The characteristics obtained by XRD
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Fig.3 a Low-resolution TEM image of OM-FM/C-HN1. b TEM
image of OM-FM/C-HN1 and EDX line-scan profile of Mo (red),
S (green), C (yellow). ¢ high-resolution TEM image of OM-FM/C-

is in good agreement with the HRTEM observation. The
hybrid samples in Fig. 3b exhibit four characteristic peaks
of amorphous carbon at 1380 (D band), 1590 (G band),
2685 (2D band) and 2870 cm™! (2G band). The intensity of
carbon peaks become higher with the increasing of carbon
content [39]. Meanwhile, two prominent peaks of MoS, at
~383 (Elzg mode) and %403 (A, e mode), are observed. Fur-
thermore, the Raman spectroscopy of MoS,-related part is
shown in Fig. 3c. In comparison with OM MoS,, A, modes
of the MoS,/C hybrids show blue-shifts and the Elzg modes
suggest red-shifts. As the E', . and A, modes of MoS, are
highly sensitive to molecule 1nteracti0n and intra-layer bond-
ing, the frequencies (A) difference between the El2g and A,
modes is one of the significant indicators for the number of
MoS, layers [40]. These values are calculated to be about
24.9 cm™! for OM MoS,, 22.0 cm™! for OM-FM/C-HNI,
21.4 cm™' for OM-FM/C-HN2 and 20.3 cm™' for OM-
FM/C-HN3 by measuring the Raman spectra. The Ak val-
ues of the two peaks for the hybrids are between 22.0 and
20.3 cm™! (close to 20.2-21.2 cm™! of MoS, single layer),
supporting the presence of single-layer MoS, and few-layers
MoS, (less than 4 layers) [41].

The XPS was also applied to analyze the atomic valence
states and the composition for the five samples in Figs. 4d,
e and S5. The XPS spectra of OM-FM/C-HN1 demonstrate
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HNI1. d HRTEM image of OM-FM/C-HNI, inset depicts SAED
pattern of OM-FM/C-HN1. e TEM image of OM MoS,. f HRTEM
image of OM MoS,, inset depicts SAED pattern of OM MoS,

that the peaks of C, O, Mo, and S can be clearly found in
Fig. S5a. Observation of Mo*" 3ds,, and Mo** 3d,, peaks at
binding energies of 229.2 and 232.6 eV in Fig. 4d, which are
indicated the presence of Mo** state of Mo in MoS,, while
the binding energies at 162.1 eV (S 2ps), state) and 163.7 eV
(S 2p,, state) in S 2p spectrum are correspond well to S2~in
MoS, (Fig. 3d) [42]. From OMC to OM MoS, (Fig. S5a),
the intensity of the carbon peaks is weaker in the spectrum
with decreasing carbon contents in the electrodes (Fig. S5a,
b) [43, 44]. Curves of TG determine the mass percentage of
MoS, in the samples. The weight loss of the samples exhib-
its from 250 to 750 °C relative to the oxidation of MoS, and
the combustion of carbon (Fig. 4f). The retained weight per-
centages of OM MoS,, OM-FM/C-HN1, OM-FM/C-HN2,
OM-FM/C-HN3 and OMC maintain at 84.10, 68.1, 41.3,
21.0 and 0.1% among 700~ 750 °C. The MoS, contents are
calculated to be 99.98, 71, 42, 19 and 0% in electrodes.
The sodium storage properties of OM MoS,, OM-FM/C-
HN1, OM-FM/C-HN2, OM-FM/C-HN3 and OMC as anode
materials were investigated in Fig. 5. Figure 5a is the initial
three CV curves of the anode assembled by OM-FM/C-HN1
at a scan rate of 0.2 mV s~! between 0.01 and 3.0 V. In
the first cathodic process, the curve exhibits three reductive
peaks, including abroad bands at 1.03, 0.48V and a sharp
peak at 0.11V. The reduction peak around 1.03 V could be



Journal of Materials Science: Materials in Electronics (2018) 29:3492-3501 3497

() (b) b G

—_ oMC Py )
z NA |ty =: EZg AZg oare 2D 2G
< M(A)I\'I-FM/‘CI:IES < —\—’I
h= QWD " " = OM-FM/CHN3
% oSN OM-FM/CHN2 2 ‘
= N = R
ol o i WU IR s /~"\ OM-FM/CHN2
ot
= / OM-FM/CHN1 =
[ .
J R OM-FM/CHN1
OM MoS: i OM MoS:
20 40 60 500 1000 1500 2000 2500 3000
20 (°) Roman shift (cm™)
(c) (d) Mo 3d3/3 Mo 3ds);

E A
__M OM-FM/CHN3

OM-FM/CHN2
OM-FM/CHN1

OM MoS2

——Test Curve
——Fitted Curve

Intensity(a.u.)

360 380 400 420 440 460 234 232 230 228 226 224 222
Raman shift (cm'l) Binding Energy(eV)
(e) ——Test Curve 1201 ®
S 2pan —Fitted Curve < 1004 R
= ‘ ¥ 1 o 00
Z E 80{ % 2 % OM-FM/CHN1
~— - Q, » %5
z s ~2 % 2%
Z E 60152 % %% OM-FM/CHN2
3 (=7 T LY
£ 40{ 3 2
= = Y
L= ) 1 5
@ 204 =
= 18
04 = " C
5]
1 & ® MosS,
166 164 162 160 15! 100 200 300 400 500 600 700 800
Binding Energy(eV) Temperature(°C)

Fig.4 a XRD patterns of OM MoS,, OM-FM/C-HN1/2/3 and OMC. spectrum of OM-FM/C-HN1 e XPS S 2p spectrum of OM-FM/C-
b Raman spectra of OM MoS,, OM-FM/C-HN1/2/3 and OMC. ¢ The HNI. f The TGA curves of OM MoS,, OM-FM/C-HN1/23 and OMC
magnified Raman spectrum of the composites, showing the peaks of under air atmosphere, the inset shows the weight contents of MoS,
OM MoS,, OM-FM/C-HN1/2/3 and OMC. d XPS Sl1s and Mo 3d and carbon for each electrode

assigned to the insertion of Na* ions in 2H-MoS, interlay-  progress, indicating this peak is associated with formation
ers to form 2H-Na,MoS, and the continuous Na™ insertion  of the solid electrolyte interface (SEI) layer on MoS,, which
induced phase transition from 2H-to1T-Na,MoS, [45]. The = leads to an irreversible capacity loss in the first cycle. The
reduction peak at 0.48V disappears in subsequent sodiation ~ peak below 0.30 V corresponds to the following conversion
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Fig.5 a CV curves of the first three cycles of the OM-FM/C-HN1
electrode at a current density of 0.2 A g~ as anode material for
sodium ion battery. b The first three galvanostatic charge—discharge
profiles of the OM-FM/C-HN1 electrode at a current density of
0.2 A g~! in the voltage range of 0.01-3.0 V vs. Na*/Na. ¢ Cycling
performance of OM MoS,, OM-FM/C-HN1/2/3 and OMC electrodes

reaction from Na,MoS, to Mo and Na,S [46]. A strong oxi-
dation peak at 1.75 V indicates the Na,S into S and Nat,
revealing the conversion reaction of oxidation of the Mo
nanograins to MoS, [47]. From the 2nd discharge cycle,
there are three broad peaks for 1.55-2.21, 0.48—1.18, and
0-0.30 V, respectively. In the following oxidation curves,
the peaks near 1.75 V correspond to the desodiation of Na,S
[48]. The CV curves of the 2nd and 3rd cycle are nearly
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at a current density of 0.2 A g~!. d Multi-rate testing of OM MoS,
and OM-FM/C-HN1/2/3 at discharge current densities of 0.2, 0.5,
1.0, 2.0, 5.0,10.0 0.2, 0.5, 1.0, 2.0, 5.0,10.0 and 0.2 A g~'. e Sche-
matic of the electrolyte ion diffusion and fast electron transport in
M-FM/C-HNI1

overlapped, demonstrating its high reversibility and cycling
stability.

Charge/discharge curves of the hybrid electrodes at 1st,
2nd, 10th, 100th and 1000th cycles in the voltage range of
0.01-3.0 V at a constant current density of 0.2 A g~ are
displayed in Figs. 5b and S6. The initial discharge and
charge capacities are 631.2 and 512.3 mAh g~!, respectively,
and corresponding initial coulombic efficiency is 81.16%.
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The relatively higher initial coulombic efficiency can be
ascribed to decreased dissolution of soluble polysulfides.
The reversible discharge capacity of the OM-FM/C-HNI1 is
350.1 mAh g™!, and the coulombic efficiency remains above
99% in the 1000th cycles. (Figs. 5b and S6). The superior
long-term cyclability is a significant and crucial factor for
promising anode electrodes for rechargeable SIBs. The chal-
lenges lie in the insertion/extraction of the large Na* radius
within the active materials and side reactions on the inter-
face of electrode and the electrolyte. The cycling stability
of the electrodes is presented in Figs. 5c and S7 for com-
parison. The OM-FM/C-HNI1 electrode exhibits an initial
capacity of 631.2 mAh g~! with an initial coulombic effi-
ciency of 81.16%, whereas the initial capacity of OM MoS,
is about 782.4 mAh g~! with an initial coulombic efficiency
of 79.87% (Figs. 5c and S7). The OM-FM/C-HN1 electrode
could still reach 330.4 mAh g~! in reversible specific capac-
ity with slow capacity fading after 1000 cycles, prominently
higher than those for OM MoS,, OM-FM/C-HN2 and OM-
FM/C-HN3, respectively (Fig. S7b). In sharp contrast with
OM-FM/C-HN1 displaying excellent long-term cyclability,
OM MoS, delivers a reversible capacity fades rapidly to
merely 33.2 mAh g~! after 1000 cycles (Figs. 5c and S7a).
Such findings imply that the amorphous carbon well con-
fine few-layers MoS, play a significant role in maintaining
long-term cyclability of MoS,. As shown in Figs. 5c and
S7b, the reversible capacity retention of the OM-FM/C-HN2
could be maintained at 170.6 mAh g~! after 1000 cycles.
However, the OM-FM/C-HN3 drops to only 44.2 mAh g™!
after 1000 cycles caused by the lowest percentage of MoS,
among the architecture (Figs. 5c, S7c, d). Compared with
OM-FM/C-HN2, OM-FM/C-HN3 and OMC, OM-FM/C-
HNI1 owns the highest reversible capacity due to the highest
percentage of MoS, in the electrodes. Figure 5d compares
the rate performances of the electrodes, where the current
density is up to 10.0 A g=! from 200 mA g~!. As shown in
Fig. 5d, the capacities of OM-FM/C-HNI1 at current densi-
ties of 0.2, 0.5, 1.0, 2.0, 5.0, 10.0,0.2, 0.5, 1.0, 2.0, 5.0, 10.0
and 0.2 A g ! are 489.1, 403.4, 361.7, 317.2, 254.3, 196.4,
435.4,353.6,286.3,213.9, 175.6, 146.7 and 350.3 mAh g,
respectively. It is clear that the OM-FM/C-HN1 anode has
better rate capability than OM MoS,, resulting of lower bar-
rier for migration of Na* and electrons, caused by shorten
the Na* diffusion distances in nanoscale architecture. It
also indicates that the OM-FM/C-HN1 remains very sta-
ble during the extended rate cycling process. Comparing
the pristine MoS,, OM MoS, shows better cycling stability
and rate performance, demonstrated the suitable structural
superiority and restriction of MoS, to ultrasmall reaction
(in Fig. S8). The high reversible capacities, outstanding first
columbic efficiency, enhanced rate capability, and excel-
lent cycling stability of the OM-FM/C-HNI1 electrode are
impressive when compared to many previously reported

MoS,-based electrodes, as shown in Table S1. As shown in
Fig. S9a, the OM-FM/C-HNI still maintains the morphol-
ogy of macroporous structure after cycled. This indicates
the excellent stability of macroporous structure. And, the
MoS, presents amorphous crystals (Fig. S9b, ¢). MoS, were
uniformly dispersed all over the carbon frameworks without
aggregation even after 1000 cycles. The XPS spectrum of
OM-FM/C-HN1 and OM MoS, reveal the S/Mo atomic ratio
of OM-FM/C-HN1 is measured as 1.8 after cycled in Fig.
S9d. However, the S/Mo atomic ratio of OM MoS, is meas-
ured as 1.1 by XPS analysis. This proves that the amorphous
carbon surrounding the few layer MoS, effectively block the
dissolution of sulfur in OM-FM/C-HN1. Impedance meas-
urements of OM-FM/C-HN1 and OM MoS, were carried
out before cycling and after 1000 cycles at a constant cur-
rent density of 0.2 A g~!, as shown Fig. S9e, f. The charge
transfer resistances (Rct) of OM MoS, and OM-FM/C-HN1
were equal to 61, 87 before cycled and 326, 271 after cycled,
respectively. This proofs that the amorphous carbon effec-
tively improves the conductivity of OM-FM/C-HN1 in the
long cycle.

As illustrated in Fig. Se, the unique structural character-
istics of OM-FM/C-HN1 enhanced long-term cycle stability
and the superior rate performance and could be summarized
as the following distinct factors: (a) the open and hierar-
chically pores (providing more exposed active sites and a
large contact area); the honeycomb-like structure formed
by replicating SiO, template (buffering the large mechanical
stress stemming from the volume changes due to the conver-
sion reaction) and hybrid nanosized architecture (avoiding
electrode aggregation or stacking/restacking of MoS,); (b)
In situ hybridization results in effective isolation of MoS,
to the ultrasmall reaction by amorphous carbon and con-
structing large MoS,/carbon heterogeneous interfaces. There
are a large number of defect sites and vacancies exists on
the heterogeneous interfaces, which can facilitate the Na*
storage and diffusion. (c) The amorphous carbon ensures
the high electron conductivity and adsorbs/anchors poly-
sulfides, restraining the reaction of Na,S with electrolyte
and the polysulfides shuttle effects. The combination of the
novel structure with the abundant hierarchical pores syn-
ergistic improves the electrochemical performance of the
OM-FM/C-HNI anode.

In summary, ordered macroporous few-layer MoS, and
amorphous carbon hybrid nanoarchitectures have been suc-
cessfully designed and prepared through a facile scalable
in situ hybridization and spatial confinement strategies. The
as-synthesized architecture possesses a three-dimensional
ordered macroporous structure with the hybrid nanowalls
full of mesoporous pores, and few-layers MoS, homoge-
neously distribution and confinement in amorphous car-
bon walls. The optimized as-prepared hierarchical MoS,/C
hybrids exhibit an initial capacity up to 631.2 mAh g~!
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with a high first columbic efficiency of 81.16% for BILs at
200 mA g~!. And, high reversible capacity of 330.4 mAh g~
with a long cycle life is achieved, superior cycling stability
and excellent high-rate performance demonstrate rational
designed hybrid architecture using as the electrodes in SIBs.
Our preparation approach could be also widened to the syn-
thesis of few-layers metal sulfide/amorphous carbon hybrids
for a wider range of applications in future, such as in sen-
sors, catalysis, and supercapacitors.
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