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3D porous hybrids of defect-rich MoS,/graphene
nanosheets with excellent electrochemical
performance as anode materials for lithium ion
batteries}

Longsheng Zhang,® Wei Fan,® Weng Weei Tjiu® and Tianxi Liu*@

In recent years, the global energy crisis and environmental concerns have put forward an ever-growing
demand for efficient energy storage, which has accelerated the development of lithium ion batteries
with higher power density and longer cycle life. Herein, we demonstrate a facile and scalable process to
prepare three-dimensional (3D) porous hybrids comprised of ultrathin defect-rich MoS, nanosheets
(dr-MoS, NSs) and conductive graphene nanosheets (GNS) via a hydrothermal co-assembly process. The
resulting dr-MoS,/graphene (dr-MoS,/GNS) hybrids possess a 3D porous structure with large specific
surface area, which enables rapid diffusion of lithium ions to access active materials. The ultrathin
dr-MoS, NSs with exposure of additional active edge sites significantly facilitate the intercalation of
lithium ions, thus leading to higher specific capacity. The interconnected graphene network not only
provides highly conductive pathways facilitating the charge transfer and lithium ion transport, but also
maintains its structural stability during the lithiation/delithiation process. As a consequence, the dr-MoS,/
GNS (6 : 1) hybrid exhibits a high reversible capacity of 1130.9 mA h g~* at a current density of 0.1 A g~%,
with excellent cyclic stability and rate capability. The outstanding electrochemical performance of the
dr-MoS,/GNS hybrids can be ascribed to their 3D porous structure and the synergetic effect between
ultrathin dr-MoS, NSs and the conductive graphene network, making them promising anode materials
for high performance lithium ion batteries.
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accommodate the ever-growing demand for high performance
LIBs.*® Therefore, alternative anode materials with higher

1. Introduction

An increasing demand for efficient energy storage has created a
strong driving force for the development of high performance
lithium ion batteries (LIBs), which have become one of the
predominant power sources for portable electronic devices,
electric vehicles and hybrid electric vehicles.' In order to meet
the requirements of these applications, it is of great significance
to develop rechargeable LIBs with higher energy density and
power density, better cyclic stability and rate capability.* As the
anode material for LIBs, the commercialized graphite has been
widely used owing to its natural abundance, flat potential
profile versus lithium and stable cycling performance.®
However, it has a relatively low theoretical specific capacity
(~372 mA h g™ ") due to the limit of thermodynamic equilibrium
saturation composition of LiCs, which cannot fully
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specific capacity and better cycling stability for LIBs have
recently become the subject of intensive research worldwide.®
Compared to other potential anode materials, molybdenum
disulfide (MoS,) has recently attracted tremendous attention as
an outstanding candidate for the next-generation LIBs owing to
its unique properties.'®** As a typical type of layered transition
metal dichalcogenides, MoS, has a similar structure to graphite,
consisting of three atom layers (S-Mo-S) stacked together
through van der Waals interaction.”"* The weak van der Waals
interaction between MoS, layers enables the easy insertion/
extraction of lithium ions without an obvious increase in volu-
metric expansion during the lithiation/delithiation process.****
Moreover, MoS, exhibits much higher theoretical specific
capacity (~669 mA h g ) than the commercially used graphite,
based on the redox conversion reaction between lithium ions
and MoS, leading to four moles of lithium incorporation per
mole of MoS,." However, the poor cyclic stability and inferior
rate performance of bulk MoS, materials are the major obstacles
for their practical applications, which mainly results from the
intrinsic poor electric/ionic conductivity between two adjacent
S-Mo-S layers.””*° In addition, restacking of MoS, layers and
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difficulty to full lithiation of the internal portion in bulk MoS,
materials often lead to decreased lithium storage capacity.”

In order to solve these problems, one effective approach is to
optimize the MoS, materials to nanostructures with a larger
surface area and shortened lithium ion diffusion pathway.”
Extensive researches have proved that nanostructured MoS,
materials manifest higher reversible capacity and better cyclic
stability in comparison with their bulky counterparts.”>*
Furthermore, MoS, is inclined to form two-dimensional
lamellar structure and its preferentially exposed surface is the
thermodynamically stable basal plane rather than the electro-
chemically active edge plane.** Therefore, designing MoS,
nanostructure and simultaneously increasing the exposure of
active edge sites are effective strategies to improve the electro-
chemical performances of MoS, materials.”® Recently, Xie's
group reported a scalable pathway to prepare defect-rich MoS,
nanosheets with abundant defect cracking of the basal planes,
thus leading to disordered structure with exposure of additional
active edge sites, which resulted in greatly enhanced electro-
catalytic performances.***

Another effective approach to solve the capacity fading
problem is to construct hybrid structure with MoS, dispersed in
a conductive matrix such as graphene, carbon nanotubes,
carbon fiber cloth or amorphous carbon so as to improve elec-
trical conductivity and structural stability.”*** Among various
kinds of carbonaceous materials, graphene has attracted great
attention as an outstanding candidate due to its high electrical
conductivity, excellent mechanical properties and large specific
surface area.’**> Many efforts have been made to prepare
MoS,/graphene composites, which exhibit improved electro-
chemical performance.***° For example, Chang et al. reported
a r-cysteine-assisted solution-phase method to synthesize
MoS,/graphene composites, which exhibited high capacity of
~1100 mA h g ' at a current density of 100 mA g~ ' with
excellent cyclic stability and high rate capability.®” Similarly,
nanocomposites comprised of layered MoS,, graphene and
amorphous carbon delivered a high capacity of 1116 mAh g " at
a current density of 100 mA g~ ' with negligible capacity fading
after 250 cycles.*® More recently, Gong et al. reported a bottom-
up approach to construct three-dimensional (3D) porous
MoS,-graphene aerogels by employing the liquid-exfoliated
MoS, and graphene oxide as starting materials, which ach-
ieved high reversible capacity of ~1200 mA h g™ at a current
density of 74 mA g~ with good cycling performance.* The 3D
porous hybrid aerogels possess high surface areas, which can
facilitate the rapid diffusion of electrolyte to access active
materials and subsequently lead to improved lithium storage
capacity. However, the liquid exfoliation process of MoS, is
extremely sensitive to the environmental conditions, takes a
very long time and consumes a large amount of organic
solvents, which could not meet the requirement for large-scale
production with low cost.*’ In sharp contrast, large-scale fabri-
cation of defect-rich MoS, nanosheets with excellent dis-
persibility and additional active edge sites can be achieved via a
simple hydrothermal method.*® To the best of our knowledge,
the research work on defect-rich MoS, nanosheets as anode
materials for LIBs has not been reported so far.
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Herein, we demonstrate a facile and scalable process to
prepare 3D porous hybrids comprised of ultrathin defect-rich
MoS, nanosheets (dr-MoS, NSs) and graphene nanosheets
(GNS) via a hydrothermal route. This process is environmentally
friendly, and scalable to industrial level with low cost. The
ultrathin dr-MoS, NSs with excellent dispersibility in aqueous
solution were firstly synthesized, and subsequently mixed with
graphene oxide to co-assemble into 3D porous dr-MoS,/GNS
hybrids. First of all, the nanostructured dr-MoS, NSs provide
additional active edge sites which enormously facilitate the
rapid insertion/extraction of lithium ions, thus leading to
greatly improved specific capacity. Secondly, the interconnected
graphene network significantly enhances the electrical
conductivity and maintains the structural stability during
the lithium ion insertion/extraction process. Finally, the
dr-MoS,/GNS hybrids possess 3D porous structure with high
surface areas and large pore volume, which enables the fast
diffusion of electrolyte to access active materials and accom-
modates the volumetric expansion of active materials during
the lithiation/delithiation process. When evaluated as anode
materials for LIBs, the dr-MoS,/GNS hybrids exhibit high
reversible capacity of 1130.9 mA h g™' at a current density of
0.1 A g~ " with excellent cycling stability and rate performance.
Therefore, the as-prepared 3D porous hybrids comprised of
defect-rich MoS, NSs and conductive graphene network is
expected to be a promising candidate as novel anode materials
for high performance lithium ion batteries.

2. Experimental section

2.1. Materials

Natural graphite powder (325 meshes) was purchased from Alfa-
Aesar. All the other reagents were purchased from Sinopharm
Chemical Reagent Co. Ltd. and used as received without further
purification. Deionized (DI) water was used throughout all the
experiments.

2.2. Preparation of MoS, nanosheets

Defect-rich MoS, nanosheets (dr-MoS, NSs) were synthesized
according to the procedures reported elsewhere.”® In a typical
synthesis, 1 mmol hexaammonium heptamolybdate tetrahy-
drate ((NH4)sMo0;0,,4-4H,0) and 30 mmol thiourea (N,H,CS)
were dissolved in 35 mL water under vigorous stirring to form a
homogeneous solution. After being stirred for several minutes,
the mixture solution was then transferred into a 45 mL Teflon-
lined stainless steel autoclave, sealed tightly and maintained at
220 °C for 18 h. After the reaction system cooled down to room
temperature naturally, the obtained black precipitate was
washed with water and absolute ethanol for several times and
dried at 60 °C under vacuum. For the synthesis of defect-free
MoS, NSs (df-MoS, NSs), 1 mmol (NH,)sM0,0,,-4H,0 (ie.
7 mmol Mo) and 14 mmol thiourea (i.e. 14 mmol S) were dis-
solved in 35 mL deionized water under vigorous stirring to form
a homogeneous solution and then treated by the same hydro-
thermal procedure.>®
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2.3. Preparation of graphene oxide (GO)

GO was synthesized from natural graphite powder by a modified
Hummers method.** The resulting GO solid was dispersed in
water by sonication under ambient condition for 30 min to
make a homogeneous GO aqueous dispersion.

2.4. Preparation of dr-MoS,/GNS hybrids

Scheme 1 illustrates the preparation procedure for the 3D
porous dr-MoS,/GNS hybrids. Typically, 20 mL of 2 mg mL ™"
homogeneous GO aqueous dispersion was mixed with 10 mL of
dr-MoS, NS aqueous dispersion with different concentrations
by sonication for 2 h. Then, the mixed dispersion was trans-
ferred into a 45 mL Teflon-lined stainless steel autoclave, sealed
tightly and maintained at 180 °C for 12 h. After the reaction
system cooled down to room temperature naturally, the sample
was washed with water several times and dried at 60 °C under
vacuum. Finally, the as-prepared dr-MoS,/GO hybrids were
annealed in a conventional tube furnace at 800 °C for 2 h in N,
atmosphere (to thermally reduce GO to GNSs). In particular, the
content of dr-MoS, NSs in the dr-MoS,/GNS hybrids was easily
tunable by simply adjusting the ratio of dr-MoS, to GO during
the preparation procedure. Three ratiosof 10: 1,6:1and 2: 1
were chosen in this work. Correspondingly, the as-prepared
hybrids were named as dr-MoS,/GNS (10 :1), dr-MoS,/GNS
(6 : 1) and dr-MoS,/GNS (2 : 1) hybrids for convenience. For the
control experiment, dr-MoS, NSs were treated by the same
preparation procedure without adding any GO dispersion.

2.5. Materials characterization

The morphologies of the samples were investigated using field
emission scanning electron microscope (FESEM, Ultra 55,
Zeiss) at an acceleration voltage of 5 kV. Transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) observations were performed with Tecnai
G2 20 TWIN TEM under an acceleration voltage of 200 kV.
Atomic force microscopy (AFM) images were taken under
tapping mode with a Scanning Probe Microscope (SPM) Nano-
scope IV from Digital Instruments. Before AFM observations,

Hydrothermal

dr-MoS, NSs dr-MoS,/GO hybrids
® - ° Thermal reduction
°
-
- o o
-
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dr-MoS,/GNS hybrids

Scheme 1 Schematic illustration of the preparation of dr-MoS,/GNS
hybrids.
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the samples were prepared by casting and drying the solution
on freshly cleaved mica at room temperature. X-ray diffraction
(XRD) patterns of the samples were conducted on an X'Pert Pro
X-ray diffractometer with Cu K, radiation (2 = 0.1542 nm) under
a voltage of 40 kV and a current of 40 mA. X-ray photoelectron
spectroscopy (XPS) analyses were made with a VG ESCALAB
220I-XL device. All XPS spectra were corrected using C1s line at
284.5 eV. The Brunauer-Emmett-Teller (BET) surface area was
measured using a Belsorp-max surface area detecting instru-
ment by N, physisorption at 77 K.

2.6. Electrochemical measurements

The electrochemical measurements were carried out in 2025
coin-type half-cells assembled in an argon-filled glovebox
(M.Braun Inertgas Systems Co. Ltd.). Pure lithium foil was used
as the counter electrode, and a polypropylene film (Celgard-
2400) was used as a separator. The electrolyte was consisted
of a solution of 1 M LiPFs in ethylene carbonate (EC)/dimethyl
carbonate (DMC)/diethyl carbonate (DEC) (1 : 1 : 1 by volume).
The working electrodes were prepared by a slurry coating
procedure. The slurry is consisted of active material, acetylene
black and poly(vinylidene fluoride) dissolved in N-methyl-2-
pyrrolidinone (NMP) at a weight ratio of 80 : 10 : 10, respec-
tively. The as-prepared slurry was pasted on pure copper foil and
dried at 80 °C under vacuum. The cells were assembled in an
argon-filled glovebox with the concentrations of moisture and
oxygen below 0.1 ppm. Cyclic voltammetry (CV) curves were
collected by a CHI660C electrochemical workstation (Chenhua
Instruments Co. Ltd.) at 0.1 mV s~ " in the range from 0.01 to 3.0
V. The galvanostatic discharge-charge measurements and rate-
performance tests under different current densities were per-
formed in the voltage range from 0.01 to 3.0 V at room
temperature by using a CT2013A cell test instrument (LAND
Electronic Co. Ltd.). The electrochemical impedance spectros-
copy (EIS) was measured in the frequency range from 100 kHz to
0.01 Hz at open circuit potential with an AC voltage amplitude
of 5.0 mV.

3. Results and discussion

3.1. Structure and morphology of dr-MoS,/GNS hybrids

The structure and morphology of the as-prepared dr-MoS, NSs
and GO sheets were investigated via FESEM, TEM and AFM.
FESEM image (Fig. 1(a)) clearly reveals the ultrathin nanosheet
morphology of dr-MoS, NSs with curled edges and uniform
lateral size in the range of 100-200 nm. Notably, the ultrathin dr-
MoS, NSs synthesized by this simple hydrothermal method
show excellent dispersibility in aqueous solution (inset of
Fig. 1(a)), which is advantageous for constructing dr-MoS,/GNS
hybrids with dr-MoS, NSs well dispersed in the matrix of gra-
phene. In contrast, the commercially bulk MoS, tends to
agglomerate and precipitate and displays poor dispersibility in
aqueous solution, as shown in Fig. S1 (see ESIt). The TEM image
in Fig. 1(b) also verifies the ultrathin nanosheet morphology of
dr-MoS, NSs. Besides, the ultrathin nanosheet morphology of
dr-MoS, NSs does not change even after the thermal reducing
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process (Fig. S2 and S3, see ESIt). The HRTEM image in Fig. 1(c)
reveals that the dr-MoS, NSs exhibit a layered structure with an
interlayer spacing of 0.63 nm and the thickness is about 3-6 nm,
corresponding to 5-10 sandwiched S-Mo-S layers. Interestingly,
as indexed in Fig. 1(c), the crystal fringes along the curled edge of
dr-MoS, NSs are discontinuous, which can be attributed to the
existence of abundant defects on the surfaces of dr-MoS, NSs.?®
Furthermore, as shown in Fig. 1(d)-(f), the TEM image and
corresponding EDS mapping images indicate the homogeneous
distribution of molybdenum and sulfur elements in the whole
ultrathin nanosheet. In contrast, the defect-free MoS, NSs
(df-MoS, NSs) synthesized via a quantitative reaction with high
concentration of precursors but no excess thiourea (Mo:S =
1:2) display similar ultrathin nanosheet morphology with an
interlayer spacing of 0.63 nm, but no discontinuous crystal
fringes are observed along the curled edge of df-MoS, NSs
(Fig. S4, see ESIt). This result reveals the significance of excess
thiourea to introduce defects into the MoS, surfaces. Specifi-
cally, excess thiourea can attach onto the surface of primary
MoS, nanocrystallites, partially hindering its oriented crystal
growth and leading to the formation of defect-rich structure.*
From the TEM image of GO (Fig. 1(g)), the exfoliated GO sheets

Fig. 1
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were typically a few micrometers in size and slightly scrolled on
sheet edges. As shown in Fig. 1(h) and (i), the typical AFM image
and height profiles of GO sheets reveal the same morphology as
observed from TEM images, and the thickness of GO sheets is
about 1 nm. Besides, as shown in inset of Fig. 1(g), GO aqueous
dispersion is very stable due to the abundant oxygenated func-
tional groups on graphene sheets, which is crucial for con-
structing 3D porous dr-MoS,/GNS hybrid nanostructures.
Benefiting from the excellent dispersibility of 2D nanosheets
of dr-MoS, NSs and GO in aqueous solution, a homogenous
dispersion of dr-MoS,/GO mixture can be easily prepared. And
subsequently, the dr-MoS,/GO mixture dispersion can be
hydrothermally co-assembled to form a 3D porous dr-MoS,/GNS
hybrid, due to the crosslinks formed by partial overlapping or
coalescing of flexible graphene sheets via m-stacking interac-
tions.*” Fig. 2(a) shows the digital images of the 3D porous
dr-MoS,/GNS (6 : 1) hybrid, which has a similar morphology to
those reported for graphene-based hydrogels.****** In contrast,
bare MoS, hydrogels could not be built by using dr-MoS, NSs
alone, which indicates the importance of graphene nanosheets
with excellent self-assembly property to the formation of 3D
macrostructure. Fig. 2(b)-(d) displays the FESEM images of

Height (nm)

00 02 04 06 08 10
Width (um)

(a) FESEM, (b) TEM and (c) HRTEM images of dr-MoS; NSs. (d—f) TEM and corresponding EDS mapping images of an individual dr-MoS, NS.

(g) TEM, (h) AFM images and (i) height profiles of GO sheets. The inset of (a) and (g) shows the dispersions of dr-MoS, NSs (3 mg mL™) and GO
(1 mg mL™Y) in aqueous solution, respectively. The dispersions stood still for one week before taking photos.
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dr-MoS,/GNS (2 :1), dr-MoS,/GNS (6:1) and dr-MoS,/GNS
(10 : 1) hybrids. It can be seen that all dr-MoS,/GNS hybrids
possess 3D hierarchical structure with interconnected pores,
and the pore sizes are in the range of several nanometers to
several micrometers. Moreover, the content of dr-MoS, NSs in
the dr-MoS,/GNS hybrids clearly increases with the increasing
of ratio of dr-MoS, to GO. As shown in Fig. 2(c), for the dr-MoS,/
GNS (6 : 1) hybrid, ultrathin dr-MoS, NSs are homogeneously
dispersed in the 3D porous graphene network, which effectively
prevent their restacking and aggregation. However, excessive
amount of dr-MoS, NSs in the dr-MoS,/GNS (10 : 1) hybrid will
result in serious agglomeration (Fig. 2(d)). The corresponding
EDX mapping images of the dr-MoS,/GNS hybrids reveal the
homogeneous distribution of carbon, molybdenum and sulfur
elements, which verifies that dr-MoS, NSs are uniformly
dispersed in the 3D porous graphene matrix (Fig. S5, see ESIT).
Furthermore, four peeks located at 0.27, 0.52, 2.29 and 2.3 keV
are observed in the EDX spectra for all the three dr-MoS,/GNS
hybrids (Fig. S5, see ESIT), corresponding to carbon KR, oxygen
KR, molybdenum LR and sulfur KR energy, respectively. These
results indicate the existence of C, Mo, S and O elements in all
the three dr-MoS,/GNS hybrids, and no detectable impurity is
observed. The low oxygen content reveals that graphene nano-
sheets in all the three dr-MoS,/GNS hybrids are highly reduced
after calcination process. Moreover, it can be clearly seen that
the content of Mo and S elements in the dr-MoS,/GNS hybrids
increases with increasing the ratio of dr-MoS, to GNS, which is
consistent with the morphology analysis of all these samples.
The detailed microstructures of the dr-MoS,/GNS (6:1)
hybrid were further investigated by TEM observations, as shown
in Fig. 3. It can be clearly seen that ultrathin dr-MoS, NSs are
homogeneously confined in the matrix of porous graphene,
which agrees well with the FESEM observations. Besides, the
dr-MoS,/GNS (6 : 1) hybrid possesses a porous structure with
interconnected pores and thin walls, which not only greatly
hinders dr-MoS, NSs from restacking and aggregating but also
provides large surface area for rapid diffusion of lithium ions to
access active materials. The interconnected graphene network

Fig. 2 (a) Digital photos of 3D porous dr-MoS,/GNS hybrids. FESEM
images of (b) dr-MoS,/GNS (2 :1), (c) dr-MoS,/GNS (6 :1) and (d)
dr-MoS,/GNS (10 : 1) hybrids.
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Fig.3 TEMimages of dr-MoS,/GNS (6 : 1) hybrid at (a) low and (b) high
magnifications.

enables the rapid charge transfer for improving the electrical
conductivity of overall dr-MoS,/GNS hybrid electrodes.
Furthermore, the matched layer structure between dr-MoS, NSs
and GNS can increase their contact areas for rapid transfer of
lithium ions and electrons across their interface, thus enor-
mously enhancing the electrochemical performance of the dr-
MoS,/GNS hybrids.

Fig. 4 shows the XRD patterns of GO, GNS, dr-MoS, NSs and
dr-MoS,/GNS hybrids prepared by different ratios of dr-MoS, to
GO. GO displays a typical diffraction peak at 26 = 10.6° as a
result of the introduction of oxygenated functional groups on
graphene sheets. In contrast, the (002) diffraction peak of GNS
can be clearly observed at 260 = 25.2°, which indicates that GO
sheets are reduced to graphene after the hydrothermal proce-
dure followed by thermal treatment. Bare dr-MoS, NSs show the
diffraction peaks at 26 = 14.2°, 33.5°, 39.6° and 59.3°, which can
be indexed to (002), (100), (103) and (110) planes of MoS, (JCPDS
37-1492). Notably, the structure of dr-MoS, NSs does not change
even after the hydrothermal assembly and thermal reduction
process (Fig. S6, see ESIT). All of the dr-MoS,/GNS hybrids show
the combination of both components and no obvious peaks
from the impurity phase are observed, indicating the co-
existence of dr-MoS, NSs and GNS. For all the three dr-MoS,/
graphene hybrids, the diffraction peak of graphene is relatively
weak in comparison with the diffraction peak of dr-MoS, NSs.
Thus, the diffraction peak of graphene could not be clearly
observed for all the dr-MoS,/graphene hybrids. Nevertheless, a

(002)

(100)
(103) (110)
dr-MoS2 NSs

dr-MoS /GNS (6:1)

drMoS_/GNS (2:1)

GNS

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)

Fig. 4 XRD patterns of GO, GNS, dr-MoS, NSs, dr-MoS,/GNS (2 : 1),
dr-MoS,/GNS (6 : 1) and dr-MoS,/GNS (10 : 1) hybrids.
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very weak diffraction peak of graphene located at 26 = 25.2° can
still be observed for the dr-MoS,/GNS (2 : 1) hybrids. Moreover,
the diffraction peak of graphene become weaker and weaker
with increasing the ratio of dr-MoS, NSs to graphene in
dr-MoS,/GNS hybrids.

The surface electronic state and composition of dr-MoS,/
GNS (6 : 1) hybrid were investigated by XPS analysis. As shown
in Fig. 5(a), the dr-MoS,/GNS (6 : 1) hybrid contains C, Mo, S
and O elements without detectable impurities, which indicates
the co-existence of dr-MoS, NSs and graphene in the dr-MoS,/
GNS hybrids. Fig. 5(b) shows the high resolution Mo 3d spec-
trum in the binding energy range of 222-240 eV. Two peaks are
observed at 229.3 eV and 232.5 €V, which can be attributed to
the Mo 3d5/2 and Mo 3d3/2 binding energies respectively,
characteristic of Mo*" in MoS,, suggesting the dominance of
Mo(w) in the dr-MoS,/GNS samples. And the small peak at about
226 eV corresponds to the S 2s component of MoS,.** In the high
resolution S 2p spectrum shown in Fig. 5(c), the peaks at 163.3
eV and 162.1 eV are observed, corresponding to S 2p1/2 and S
2p3/2 orbitals of divalent sulfide ions (S*7), respectively.** These
results are consistent with those reported previously for MoS,
NSs.?® Fig. 5(d) shows the high resolution C 1s spectrum of the
dr-MoS,/GNS (6 : 1) hybrid. Furthermore, from the C1s spectra
of dr-MoS,/GNS (6 : 1) hybrid (Fig. 5(d)) and GO sheets (Fig. S7,
see ESIT), four different peaks centered at 284.5, 285.6, 286.7
and 287.8 eV are observed, corresponding to sp C, sp® C, -C-O
and -C=0 groups, respectively.*® For the dr-MoS,/GNS (6 : 1)
hybrid, the intensities of C 1s peaks of the carbons binding to
oxygen (-C-O and -C=O groups) dramatically decrease in
comparison with GO sheets, indicating that most of the oxygen-
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containing functional groups are removed after the thermal
reduction process.

To further investigate the porous structure and specific
surface area of the dr-MoS,/GNS hybrids, BET analysis of the
nitrogen adsorption/desorption isotherms was performed. As
shown in Fig. 6, the dr-MoS, NSs and bulk MoS, display
reversible type II isotherms, which is an indication of non-
porous materials. In contrast, the dr-MoS,/GNS (6 : 1) hybrid
exhibits a typical IV isotherm with a typical H2 hysteresis loop,
which verifies the dr-MoS,/GNS hybrids as mesoporous mate-
rials. As displayed in the inset of Fig. 6, the pore size distribu-
tion of the dr-MoS,/GNS (6:1) hybrid calculated from the
Barrett-Joiner-Halenda (BJH) method is mainly centered at
about 4 nm, which is in the mesoporous range. The specific
surface area and pore volume of all the samples are summarized
in Table 1. The specific surface area of the dr-MoS,/GNS (6 : 1)
hybrid is 131.1 m* g, which is nearly 26 times higher than that
of bulk MoS, and about 7 times larger than that of dr-MoS, NSs.
Additionally, the pore volume of dr-MoS,/GNS (6 : 1) hybrid also
greatly increases in comparison to those of dr-MoS, NSs and
bulk MoS,. Compared to bare MoS,, the largely improved
surface area and pore volume of dr-MoS,/GNS (6 : 1) hybrid
could be ascribed to the 3D porous structure derived from
graphene network (the theoretical specific surface area of gra-
phene is 2600 m?> g~ *).*” Meanwhile, it is worth to mention that
the surface area and pore volume of dr-MoS, NSs are higher
than those of bulk MoS,. This is mainly due to the nano-
structure and disordered architecture of dr-MoS, NSs resulting
from abundant defect cracking of the basal planes. The higher
surface area and larger pore volume are favorable for electrode

(b)
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(a) XPS survey spectrum, high resolution (b) Mo 3d spectrum, (c) S 2p spectrum and (d) C 1 s spectrum of dr-MoS,/GNS (6 : 1) hybrid.
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Fig. 6 Nitrogen adsorption isotherms of (a) dr-MoS,/GNS (6 :1)
hybrid, (b) dr-MoS, NSs and (c) bulk MoS,. The inset shows the cor-
responding pore size distribution of dr-MoS,/GNS (6 : 1) hybrid.

materials, which can facilitate rapid diffusion of lithium ions to
access active material and accommodate the volumetric
expansion of active material during the lithiation/delithiation
process.

3.2. Electrochemical performance of dr-MoS,/GNS hybrids

In order to evaluate the electrochemical performance of dr-
MoS,/GNS hybrids as anode materials for LIBs, cyclic voltam-
metry (CV), galvanostatic discharge-charge experiments and
electrochemical impedance (EIS) analysis have been performed.
Fig. 7 displays the first three cycles of CV curves of the dr-MoS,/
GNS (6 : 1) hybrid and dr-MoS, NSs measured at a scan rate of
0.1 mV s~ " in the voltage range from 0.01 to 3.0 V. As shown in
Fig. 7(a), during the first CV cycle, there are two reduction peaks
and two oxidation peaks for the dr-MoS,/GNS (6 : 1) hybrid. The
first reduction peak at 1.10 V results from Li insertion into
defect sites of dr-MoS,, forming Li,MoS, according to eqn (1).**
The second reduction peak located at 0.45 V is ascribed to the
subsequent Li insertion into Li,MoS,, which entails the reduc-
tion of Li,MoS, to Mo metal nanoparticles and Li,S according to
eqn (2).* In the reverse anodic scan, the small oxidation peak at
1.73 V should be ascribed to the reversible lithium storage on
graphene sheets, which is not found in the first three CV curves
of bare dr-MoS, NSs (Fig. 7(b)). The pronounced oxidation peak
at 2.30 V is attributed to the oxidation of Li,S into S according to
eqn (3).*® In the following cycles, the reduction peaks at 0.46 V
and 1.10 V disappear and two new peaks at 1.26 Vand 1.95V are
observed, which indicates the multistep conversion from S with
Li* to the formation of Li,S.** For the bare dr-MoS, NSs

Table 1 Specific surface area and pore volume of bulk MoS,, dr-MoS,
NSs and dr-MoS,/GNS (6 : 1) hybrid

BET specific surface Pore volume

Samples area (m® g™ ") (em® g™
Bulk MosS, 5.0 0.029
dr-MoS, NSs 18.6 0.078
dr-MoS,/GNS (6 : 1) hybrid 131.1 0.451
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(Fig. 7(b)), two reduction peaks located at 0.39 V and 0.78 V and
one oxidation peak located at 2.34 V in the first cycle are
observed, which is similar to the profiles of dr-MoS,/GNS (6 : 1)
hybrid. It is noticed that the intensities of oxidation peaks at
2.34 V decrease evidently with cycling, indicating a capacity
fading of bare dr-MoS, anode. In contrast, the 2nd and 3rd
cycles of CV curves are overlapped for the dr-MoS,/GNS (6 : 1)
hybrid (Fig. 7(a)), suggesting a good reversibility during the
cycling process.

MoS, + xLi* + xe~ — Li,MoS, (1)
Li,MoS, — xLi,S + Mo 2)
LirS — 2¢~ — 2Li* +S (3)

Fig. 8(a) shows the galvanostatic discharge-charge profiles of
dr-MoS,/GNS (6 : 1) hybrid for the first three cycles at a current
density of 0.1 A g~ . As seen in Fig. 8(a), two potential plateaus
at ~1.2 and ~0.6 V in the first discharge (lithiation) curve are
observed, which is in accordance with the CV results. In the 2nd
and 3rd discharge curves, the potential plateau at ~0.6 V in the
first discharge disappears and two potential plateaus at ~1.9 V
and ~1.2 V are observed, corresponding to the cathodic peak at
1.95 V and 1.26 V of CV curves. During the charge (delithiation)
process, there is one potential plateau located at ~2.3 V, which
also agrees well with the previous CV curves. For bare GNS, only
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Fig. 7 First three cycles of CV curves of (a) dr-MoS,/GNS (6 : 1) hybrid
and (b) dr-MoS, NSs measured in the voltage range from 0.01 to 3.0 V
with a scan rate of 0.1 mV s~
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one flat potential plateau at ~0.25 V in the first discharge curve
is observed and the plateaus mentioned above for the dr-MoS,/
GNS (6 : 1) hybrid are not found (Fig. S8, see ESIt). As shown in
Fig. 8(b), the initial discharge capacities of GNS, dr-MoS, NSs,
dr-MoS,/GNS (2 :1), dr-MoS,/GNS (6:1) and dr-MoS,/GNS
(10:1) hybrids are 572.5, 886.1, 1043.2, 1412.4 and 1349.1
mA h g !, while their initial charge capacities are 232.2, 715.2,
766.6, 1130.9 and 980.6 mA h g~ ', respectively. The irreversible
capacity loss during the first cycle is inevitable, which is
attributed to the formation of the solid electrolyte interphase
resulting from electrochemically driven electrolyte degradation.
Notably, the initial charge capacity of dr-MoS, NSs exceeds the
theoretical capacity of MoS, (~669 mA h g~ ') owing to the
additional defect sites introduced to the surfaces of dr-MoS,
NSs. Among these samples, the dr-MoS,/GNS (6: 1) hybrid
exhibits the highest discharge/charge capacities during the first
cycle. These results indicate that the greatly enhanced lithium
storage capacity of dr-MoS,/GNS (6 : 1) hybrid is attributed to its
optimum ratio of dr-MoS, NSs to GNS, which maximize the
synergetic effect between defect-rich MoS, NSs and highly
conductive graphene network.

Not only high reversible capacity but also good cyclic stability
is desirable for promising anode materials in LIBs. Fig. 8(c)
shows the cycling behaviors of GNS, dr-MoS, NSs and dr-MoS,/
GNS hybrids at a current density of 0.1 A g~ ". The GNS electrode
manifests excellent cyclic stability, but its reversible capacity is
only about 201.9 mA h g~ . Although the dr-MoS, NS electrode
has an initial charge capacity of 715.2 mA h g, it dramatically
decreases to 312.8 mA h g~ ! after 20 cycles and only delivers a
reversible capacity of 78.2 mA h g~ " after 50 cycles. In contrast,
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dr-MoS,/GNS (2 :1), dr-MoS,/GNS (6:1) and dr-MoS,/GNS
(10 : 1) hybrids retain higher reversible capacities of 710.9,
1035.6 and 553.2 mA h g~ ' after 50 cycles, respectively. Among
these dr-MoS,/GNS hybrids, dr-MoS,/GNS (6 : 1) exhibits the
highest reversible capacity, implying the significance of gra-
phene content in the dr-MoS,/GNS hybrids. Associated with the
structural and morphological analyses, the cyclic stability of dr-
MoS,/GNS hybrids is strongly dependent on the dispersion
degree of dr-MoS, NSs in the matrix of graphene. The incor-
poration of graphene can not only efficiently prevent the
aggregation of dr-MoS, NSs, but also maintain the high elec-
trical conductivity of overall dr-MoS,/GNS electrode and stabi-
lize the electrode structure during the lithium-ions insertion/
extraction process. Furthermore, as shown in Fig. S9 (see
ESIt), the dr-MoS, NSs generally exhibit higher reversible
capacities than df-MoS, NSs and bulk MoS,, even though they
all show continuous capacity decay along with the cycling
processes. The enhanced lithium storage capacity of dr-MoS,
NSs can be ascribed to the existence of abundant defects
introduced to the surfaces of dr-MoS, NSs, which leads to
cracking of the basal planes and increases the accessible
internal surface areas for the lithium ion insertion/extraction
(Scheme 2). Moreover, the electrochemically active sites of
MosS, are specifically located at its edge planes rather than its
basal planes.”* Thus, the defect-rich structure of dr-MoS, NSs
with cracks on the basal planes can significantly increase the
exposure of much more additional active edge sites (as indi-
cated by gray shading in Scheme 2), which results in greatly
improved lithium storage performance.
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(a) First three discharge/charge curves of dr-MoS,/GNS (6 : 1) hybrid. (b) The initial discharge/charge curves of dr-MoS, NSs, dr-MoS,/

GNS (2 : 1), dr-MoS,/GNS (6 : 1) and dr-MoS,/GNS (10 : 1) hybrids. (c) Cycling performance of (1) GNS, (2) dr-MoS; NSs, (3) dr-MoS,/GNS (2 : 1),
(4) dr-MoS,/GNS (6 : 1) and (5) dr-MoS,/GNS (10 : 1) hybrids in the voltage range from 0.01 to 3.0 V at a current density of 0.1 A g™ (d) Rate
performance of dr-MoS, NSs and dr-MoS,/GNS (6 : 1) hybrid at various current densities.
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Fig. 8(d) displays the rate performance of dr-MoS, NSs and dr-
MoS,/GNS (6 : 1) hybrid tested at current densities of 0.1, 0.2, 0.5
and 1 A g . It can be clearly seen that the dr-MoS,/GNS (6 : 1)
hybrid demonstrates a better rate performance than dr-MosS,
NSs. Specifically, the dr-MoS,/GNS (6:1) hybrid delivers a
reversible capacity of about 1050, 850 and 680 mA h g " as the
current density increases to 0.2, 0.5 and 1 A g~ ', and shows good
cycling stability even at a high current density. When the current
density decreases back to 0.1 A g~ ' after cycling under high
current densities, the dr-MoS,/GNS (6 : 1) hybrid can still retain
a high reversible capacity of about 960 mA h g~ (about 85% of
the initial charge capacity) with good cycling performance. In
contrast, the reversible capacity of dr-MoS, NSs fades to less than
30 mA h g™* as the current density increases to 1 A g, and
regains a capacity of about 290 mA h ¢~* (only about 40% of the
initial capacity) in the first cycle when the current density
decreases back to 0.1 A g~ . Besides, dr-MoS, NSs show serious
capacity decay along with cycling after the current density is
reversed back to 0.1 A g . The excellent cyclic stability and rate
performance of dr-MoS,/GNS (6 : 1) hybrid could be attributed to
the hierarchical hybrid structure with nanostructured dr-MoS,
NSs homogeneously dispersed in the matrix of conductive gra-
phene network. Such structure can effectively hinder the aggre-
gation of dr-MoS, NSs, accommodate the volumetric expansion
and subsequently protects active materials from pulverization
during the lithiation/delithiation process.
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Fig. 9 Nyquist plots of dr-MoS, NSs and dr-MoS,/GNS (6 : 1) hybrid
measured in the frequency range from 100 kHz to 0.01 Hz with an AC
voltage amplitude of 5.0 mV.
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To better understand the superior electrochemical perfor-
mance of dr-MoS,/GNS (6 : 1) hybrid in comparison with dr-
MoS, NSs, EIS measurements were carried out in a frequency
range from 100 kHz to 0.01 Hz. Fig. 9 shows the Nyquist plots of
dr-MoS, NSs and dr-MoS,/GNS (6 : 1) electrodes after 5 cycles. It
can be clearly seen that the dr-MoS,/GNS (6:1) electrode
displays a much smaller radius of semicircle in the high-
medium frequency region compared to that of dr-MoS, NS
electrode, indicating that the dr-MoS,/GNS (6:1) hybrid
possesses much lower contact and charge-transfer resistance at
the electrode/electrolyte interface. These results confirm that
the incorporation of graphene can significantly enhance the
electrical conductivity of the hybrid, thus facilitating rapid
transfer of both lithium ions and electrons during the
discharge-charge cycling process, which subsequently leads to
significant improvement of electrochemical performance.
Moreover, the dr-MoS,/GNS (6:1) hybrid has a 3D porous
structure with large surface area, which shortens the diffusion
paths of lithium ions, thus resulting in enhanced electro-
chemical kinetics of lithium storage. Therefore, the dr-MoS,/
GNS (6:1) hybrid is able to demonstrate high reversible
capacity, excellent cyclic stability and rate performance due to
its hierarchical hybrid nanostructure, large surface area and
high electrical conductivity.

4. Conclusions

In summary, 3D porous dr-MoS,/GNS hybrids have been
prepared by a simple hydrothermal co-assembly of GO and dr-
MoS, NSs, followed by the thermal reduction of GO to graphene.
The ultrathin dr-MoS, NSs can provide additional defect sites for
rapid insertion/extraction of lithium ions, thus leading to greatly
enhanced specific capacity. In addition, the conductive gra-
phene network not only effectively prevents dr-MoS, NSs from
restacking or aggregation, but also provides highly conductive
pathways facilitating the kinetics for both charge transfer and
lithium ion transport throughout the dr-MoS,/GNS electrodes.
Furthermore, the 3D porous structure of dr-MoS,/GNS hybrids
can greatly enhance the specific surface area and pore volume,
which facilitates rapid diffusion of lithium ions to access active
materials and accommodates the volumetric expansion of active
material during the discharge/charge cycling process. As a
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consequence, the dr-MoS,/GNS (6 : 1) hybrid delivers the highest
reversible capacity of 1130.9 mA h g™' at a current density of
0.1 Ag™ ', and retains 91.6% of the initial capacity after 50 cycles.
Even at a current density of 1 A g, the capacity of dr-MoS,/GNS
(6 : 1) hybrid can remain 680 mA h g, indicating a good rate
performance. The high reversible capacity, excellent cyclic
stability and rate performance of dr-MoS,/GNS hybrids are
attributed to the synergetic effect between ultrathin dr-MoS, NSs
and highly conductive graphene network. Therefore, this work
highlights the great potential of 3D porous dr-MoS,/GNS hybrids
with excellent electrochemical performances as anode materials
for high performance lithium ion batteries.
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