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Abstract

A unique MoS,/graphene composite (MoS,/GrF) was synthesized via a facile hydrothermal method. XRD, FESEM, EDS, TEM,
HRTEM, XPS, and BET analyses were performed to characterize the as-synthesized samples. The samples were demonstrated to
present interesting uniform three-dimensional hierarchical heterogeneous structures where MoS, microspheres (with an average
diameter of 750 nm) penetrated the graphene layer. By the “space-confined” effect, the (002) plane of MoS, is inhibited when
grown in the interlayer of GO, which increases the interlayer spacing and improves the rate performance of the electrode.
Moreover, MoS, that grows between the graphene layers can form a good contact, reducing the contact resistance. As an anode
material for lithium-ion batteries, the MoS,/GrF electrode exhibited an outstanding reversible capacity (1510 mAh g "' at 100 mA
g ! after 200 cycles) and excellent rate performance (~990 mAh g ' at 1000 mA g ).
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Introduction

Lithium-ion batteries (LIBs) [1], potassium-ion batteries
(KIBs) [2], and sodium ion batteries (SIBs) [3—5] are the re-
search hotspots in the field of energy storage. Among them,
LIBs are considered the leading energy storage device for
electric vehicles because of their high energy density, long
cycle, and environmental friendliness properties. As a major
part of LIBs, the anode material could determine the cost,
performance, safety, and life of LIBs. The current commer-
cialized anode material is graphite. However, graphite cannot
meet the increasing demands on LIBs due to its low theoret-
ical capacity (372 mAh g ') and barely passable rate
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capability performance [1, 6]. Molybdenum disulfide
(MoS,) is considered the best alternative to graphene because
of its high theoretical capacity (~670 mAh g ") [7]. However,
MoS, has many disadvantages as electrode material. On the
one hand, the crystal structure will be destroyed in the process
of lithiation and delithiation, because of the weak interlaminar
van der Waals force of MoS,. On the other hand, the conduc-
tivity of MoS, is low, which leads to poor rate performance
[8]. In addition, the lithium product Li,S reacts with the elec-
trolyte to form a thick gel polymer layer to resist the ion
channel. Therefore, nanostructure and enhanced conductivity
are main methods to improve the electrochemical perfor-
mance of MoS,. Recently, researchers found that combining
MoS, with carbon-based materials could enhance the elec-
tronic conductivity while concurrently buffering the volume
changes in MoS, during the charge/discharge process, ulti-
mately providing fast electrode kinetics and stable cycling
performance [9, 10]. There are many types of carbon-based
materials, such as amorphous carbon [6], carbon fibers [11],
porous carbon [12], carbon spheres [13], carbon nanotubes
[14, 15],, and graphene [16-19]. Among these carbonaceous
materials, graphene has attracted a considerable amount of
attention due to its high electrical conductivity, excellent me-
chanical properties, and large specific surface area. Therefore,
MoS,/graphene (MoS,/G) showed a higher specific capacity
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and more stable circulation performance than other carbon-
based materials. In addition, the different morphologies of
MoS,/G also presented high capacities, such as three-
dimensional porous [20], honeycomb [21],, and nanosheets
[22]. Teng et al. [23] designed a kind of MoS,/Gr composite
in which MoS, grew vertically on graphene. This unique
structure provided abundant reactive sites and greatly short-
ened the diffusion distance of Li*. Moreover, the formation of
C-O-Mo bond between MoS, and graphene could enhance the
electron transport rate and structural stability. As a result, the
MoS,/Gr electrode exhibited an outstanding reversible capac-
ity of 1077 mAh g ' at 100 mA g ' and an excellent cycling
performance of 907 mAh g ' at 1000 mA g for 400 cycles.
Shan et al. [24] prepared N-doped graphene and ultrathin
honeycomb-like MoS, nanosheets, and the resulting compos-
ite displayed a unique hierarchical film-foam-film (3F) top-
down architecture. The special structure demonstrated an ul-
trahigh discharge capacity of 1875 mAh g ' at I00mA g !, an
excellent rate capability of 700 mAh g ' at 5.0 A g ', and a
long lifetime of 400 cycles with 980 mAh g ™' retained.

Herein, we demonstrate a facile approach to prepare an
interesting MoS,/graphene hierarchical nanostructure (called
“MoS,/GrF”) by a hydrothermal process, utilizing the “space-
confined” effect of GO. The so-called space-confined is used
for layered materials or porous structures such as LDHs,
graphene, and fullerene to achieve the purpose of limiting
the growth size of nanomaterials. X-ray diffraction (XRD),
field-emission scanning electron microscopy (FESEM), trans-
mission electron microscopy (TEM), high-resolution TEM
(HRTEM), and X-ray photoelectron spectroscopy (XPS) anal-
yses were carried out to characterize the phase and morphol-
ogy and bond characteristics. Based on the experimental re-
sults, the possible reaction during the preparation of the
unique MoS,/graphene three-dimensional hierarchical hetero-
geneous structures and the likely corresponding growth mech-
anism were discussed. Finally, a MoS,/GrF electrode yielded
an outstanding reversible capacity of 1510 mAh g ' at
100 mA g " after 200 cycles and an excellent rate performance
of ~990 mAh g ' at 1000 mA g~ '. The key influencing factors
in the outstanding performance of the MoS,/GrF electrode,
such as structural stability, microstructure, and bond charac-
teristics, were also investigated.

Experimental section

Synthesis of graphene oxide

Graphene oxide (GO) was synthesized by the chemical oxi-
dation of natural graphite powder (98.5%) by a modified

Hummers method [25], and the detailed preparation process
of GO can be seen in the supporting information.
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Synthesis of the unique hierarchical structure of
MoS,/GrF

First, 1 g of GO solution was added to 60 mL of deionized
(DI) water (Milli-Q, 18.2 M£?) and stirred for 30 min at room
temperature. Then, 0.309 g of ammonium molybdate
tetrahydrate (NH4)sM0,0,44H,0, 99%) powder was added
to the mixture and stirred for 30 min. Next, 1 M/L NaOH was
added into the mixture until the pH reached 10, and 0.533 g of
thiourea (CH4N,S, 99%) was added to the solution and stirred
for 30 min. Finally, the mixture solution was transferred into a
100 mL Teflon-lined stainless steel autoclave, sealed and heat-
ed at 200 °C for 24 h. After cooling naturally, the black pre-
cipitates were collected by centrifugation, washed with DI
water and ethanol several times, and dried by vacuum freezing
for 24 h. Finally, MoS,/GrF composites were prepared after
the black precipitates were annealed in a conventional tube
furnace at 800 °C for 2 h in a nitrogen environment.

The preparation process of MoS,/Gr is similar to that of
MoS,/GrF, except that GO requires ultrasonic pretreatment
for 1 h.

Characterization

The X-ray diffraction (XRD) patterns were obtained on an X-
ray diffractometer (PANalytical) equipped with a rotating an-
ode using Cu K« as a radiation source (A=0.15406 nm). Field-
emission scanning electron microscopy (FESEM) images
were acquired with a field-emission scanning electron micro-
scope (S-4800). Transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) images were recorded
on a JEM-2100F microscope operating at 200 kV. X-ray pho-
toelectron spectroscopy (XPS) spectra were collected on an
ESCALAB 250Xi XPS spectrometer. The specific surface
area was measured on a NOVA-1200e analyzer at —196 °C.

Electrochemical measurements

Two-electrode test cells were used for the electrochemical
measurements. The working electrodes were fabricated by
mixing 80 wt% of active material (MoS,, MoS,/G, or MoS,/
GrF), 10 wt% of acetylene black as a conducting agent, and
10 wt% of binder (polyvinylidene fluoride) in N-methyl-2-
pyrrolidinone (NMP) on a copper foil. The obtained slurries
were then spread uniformly on the copper foil. The coated
electrode was dried at 120 °C under vacuum for 12 h and then
compressed. Electrochemical measurements were performed
using coin cells (CR2025) with Li foil as the counter electrode
and microporous membrane (Celgard) as the separator. The
electrolyte solution was 1 M LiPF dissolved in a mixture of
ethylene carbonate, dimethyl carbonate, and ethyl methyl car-
bonate with a volume ratio of 1:1:1. Galvanostatic charge/
discharge cycles were carried out on a CT-3008 (Neware
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Fig. 1 XRD patterns of a MoS,, (a)
MoS,/Gr, and MoS,/GrF
prepared by the hydrothermal
route and an annealing process
performed in N, at 800 °C for 2 h
and b an enlarged view of the
low-angle region
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Shenzhen) battery tester between 0.01 and 3.00 V at various
current densities. Cyclic voltammetry (CV) measurements
and electrochemical impedance spectroscopy (EIS) tests were
performed on an electrochemical workstation (CHI 660E
Shanghai) with a potential range of 0.01-3.0 V vs. Li/Li" at
a scan rate of 0.5 mV s ' by applying a sine wave with an
amplitude of 0.5 mV in the frequency range of 200-0.01 Hz.

Results and discussion

Figure 1 shows the XRD patterns of the MoS,, MoS,/Gr, and
MoS,/GrF samples prepared by the hydrothermal route and an
annealing process performed in N, at 800 °C for 2 h. As
shown in Fig. 1a, the diffraction peaks of all samples can be
ascribed to the hexagonal MoS, phase (JCPDS card number
75-1539) without any other visible phase. Furthermore, the

o

Fig. 2 FESEM images of a, b MoS,, ¢, d MoS,/Gr, and e, f MoS,/GrF samples
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peak attributed to the (002) plane of restacked reduced
graphene oxide (rGO) cannot be found in the MoS,/Gr and
MoS,/GrF spectra, implying a high dispersion state of rGO in
the samples [26]. In addition, among the samples, the MoS,/
GrF sample exhibited the weakest diffraction peaks attributed
to the (002) plane of MoS,. This finding indicated that the
restacking of MoS, layers can be limited in the MoS,/GrF
sample. The diffraction patterns of the three samples at
20=7~22° are illustrated in Fig. 1b. Comparing the three sam-
ples reveals the (002) plane of MoS,/GrF is located at a lower
degree than those of the other samples, indicating that the
lattice plane spacing corresponding to the (002) plane of
MoS,/GrF is larger than that of MoS, and MoS,/Gr.

Figure 2 shows typical FESEM images of the pure MoS, (a,
b), MoS,/Gr (c, d), and MoS,/GrF (e, ) samples. As shown in
Fig. 2a and b, many MoS, microspheres were distributed ho-
mogeneously. Moreover, each MoS, microsphere, which has
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Table 1 The elemental content of different samples
Sample Element

C (¢} S Mo
MoS, - 0.65 65.94 33.41
MoS,/Gr 39.43 4.89 36.73 18.95
MoS,/GrF 42.65 6.55 33.01 17.79

an average diameter of approximately 1.5 um, was formed by
the assembly of a large number of nanosheets. This result dem-
onstrated that a flower-like structure of MoS, can be obtained
in an alkaline solution at pH ~10. The MoS,/Gr sample is
shown in Fig. 2¢ and d. Many MoS, flower-like nanoparticles
assembled along the plane direction and formed a sheet with a
thickness of approximately 1.5 um. In addition, it was strange
that graphene nanosheets were not observed. However, the
EDS results demonstrated the existence of carbon in the
MoS,/Gr samples (Table 1; the samples are pressed into a 5-
mm diameter wafer), implying that the MoS, nanosheets grew
in situ on graphene and covered all of the graphene surfaces.
The MoS,/GrF sample is shown in Fig. 2e and f, which shows
that the flower-like MoS, nanosheets were dispersed on the
graphene surface and interlayer. The diameter of the MoS,
microspheres was in the range of 500700 nm. Compared with
MoS,/Gr, MoS,/GrF presented a unique three-dimensional hi-
erarchical heterogeneous structure, suggesting that the ultrason-
ic treatment of the GO solution before the hydrothermal proce-
dure had an important influence on the structure of the samples.
In fact, Fig. 2f shows that many flower-like MoS, spheres
passed across the graphene.

@ Springer

The microstructures of the samples were investigated
through TEM (Fig. 3a—c) and HRTEM (Fig. 3d—f). The
MoS, samples displayed flower-like spherical structures with
diameters of 1-1.2 um, and these spherical structures were
formed by the self-assembly of many MoS, nanosheets (Fig.
3a). The corresponding HRTEM image (Fig. 3d) revealed that
MoS, nanoflakes were stacked to form structures with more
than 13 layers and that the average lattice plane spacing was
approximately 0.62 nm. As shown in Fig. 3b, MoS,/Gr also
presented obvious flower-like spherical morphology (MoS,),
which grew on the surface of the graphene sheets. In addition,
the lattice plane spacings of the nanoflakes (Fig. 3e) were
approximately 0.64 nm, which corresponded to the (002) crys-
tal plane of MoS, and structures comprising approximately 8
stacked layers. For the MoS,/GrF (Fig. 3c), the flower-like
spherical morphology of MoS, grown in situ on graphene
did not completely cover the surface of graphene.
Interestingly, as labeled in the HRTEM images (Fig. 3f), the
lattice plane spacing (0.72 nm) corresponded to the (002)
plane of MoS, and was larger than those of pure MoS, (Fig.
3d, 0.62 nm) and MoS,/Gr (Fig. 3e, 0.64 nm). The HRTEM
results were consistent with those from the abovementioned
XRD patterns. In addition, comparing the structures in Fig. 3d—
f, it is clearly seen that the MoS, nanoflakes of MoS,/GrF were
stacked to form structures with 5~6 layers, which were fewer
than those of MoS,/Gr (8~10 layers) and MoS, (13~15 layers).
This result proved that the (002) plane of MoS, can be inhibited
by the growth of a GO interlayer. Thus, fewer crystal layers will
lead to weak van der Waals forces and increase the lattice plane
spacing. This expanded lattice plane spacing of the (002) plane of
MoS, could significantly improve the lithium storage capacity
and rate capability of MoS, electrodes [27, 28].
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Fig. 4 a XPS survey spectrum and high-resolution b C 1s spectrum, ¢ Mo 3d spectrum, d S 2p spectrum, and e O 1s spectrum of the MoS,/GrF sample

To characterize the nature of the interface between MoS,
and graphene of the MoS,/GrF sample, XPS measurements
were carried out. As shown in Fig. 4a, the survey scan spec-
trum demonstrated the presence of C, Mo, O, and S in the
MoS,/GrF sample. Figure 4 b shows the C 1s XPS spectrum
of MoS,/GrF, where four different peaks corresponding to
C=C/C-C (284.7 eV), C-O (285.3 V), C-O-Mo (286.8 eV),
and O-C=0 (289.2 eV) groups were observed [23, 29]. The
high-resolution XPS spectrum of the sample in the Mo 3d
region is shown in Fig. 4c. It could be deconvoluted into six

peaks, and the small peak at 226.1 eV corresponds to the S 2s
component of MoS,. The two main intense Mo 3ds, (232.1
eV) and Mo 3ds; (229.0 eV) peaks are characteristic of Mo**
in MoS; [15, 30], while the peak at 235.7 eV corresponds to
MoO5 or MoO? [31-33]. In addition, the peaks at 233.1 and
229.6 eV are related to the Mo 3ds), and 3ds,, components of
Mo®*, with a spin energy separation of 3.5 eV [30]. The spec-
trum of S is shown in Fig. 4d. The two major peaks located at
163.1 and 161.8 eV are assigned to the S 2p;, and S 2p;,
lines of MoS,, respectively [34]. The peaks of 164.5 eV and
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Table 2 Elemental composition of as-prepared MoS,/GrF synthesized
at different reaction times

Time Element
C (0] S Mo N S/
Mo

2h 63.25 20.13 9.89 141 532 7.01
4h 60.32 18.86 13.37 3.02 443 443
6h 57.68 15.77 17.10 7.02 243 243
8h 54.69 12.32 22.04 991 1.04 2.22
12h 44.85 9.54 29.83 15.78 - 1.89
24 h 44.01 8.07 31.11 16.81 - 1.85

161.2 eV suggest the existence of bridging S, disulfides™ and/
or apical S* ligands [35]. Moreover, the oxygen species are
shown in Fig. 4e. The three peaks are related to C-O-Mo
(532.4 eV), O-metal (531.9 eV), and C=0 (531.2 ¢V) bonds
[36-38]. The detection of the C-O-Mo bond proved that a
bonding force between MoS, and graphene in the MoS,/GrF
sample existed. Importantly, the C-O-Mo bonds of the MoS,/
G composite were verified to provide a good electron transfer
path between MoS, and graphene, which could endow the
composite with a highly stable structure for long-term cycling
in LIB applications [23].

To better investigate and understand the in situ growth
process of MoS,/GrF, the surface morphology of as-
prepared MoS,/GrF samples synthesized at different reaction
times by the hydrothermal method were determined and are
shown in Fig. 5. A few nanoparticles prenucleated on GO are
observed in Fig. 5a and b, corresponding to the samples

@ Springer

synthesized at reaction times of 2 h and 4 h, respectively. As
the reaction time increased, the nanoparticles gradually grew
into a flower-like structure, which was distributed uniformly
on the substrate. As shown in Fig. 5c, the nucleation of MoS;,
gradually increased after 6 h of reaction time. When the reac-
tion time was extended to 8 h, the MoS, nanoparticles grew
uniformly on graphene. As the reaction time was extended to
12 h and 24 h, the surface morphology of the sample did not
change much, and flower-like MoS, nanoparticles grew even-
ly on graphene. The EDS results can be analyzed by the var-
iation in the S/Mo ratio (Table 2; the samples are pressed into
a 5-mm diameter wafer). Clearly, the ratio of S/Mo decreases
as the reaction time increases, proving that the S*” ligands can
be easily enriched on GO. Finally, the atomic ratio of S and
Mo in the sample synthesized at a reaction time of24 h is 1.85,
which is approaching the theoretical value of MoS,.
Therefore, we can speculate that the reaction process of as-
prepared MoS,/GrF occurred as follows: (1) In the primary
reaction period, S* and (NH,),”" groups reacted preferentially
with GO. (2) As the reaction continued, MoS;, crystal nuclei
were formed in situ on the GO surface. (3) H,S is released by
CH;CSNH, and acts as a S source and reductant simulta-
neously. Thus, MoS, nanocrystals could be prepared, and
the initial GO sheets were reduced to graphene [39].

Figure 6 a shows the CV performance of MoS,/GrF. The
CV measurements were carried out at a scan rate of 0.1 mV
s !, Three reduction peaks at 1.5, 1.04, and 0.4 V and two
oxidation peaks at 1.82 and 2.35 V are observed during the
first cycle. The irreversible reduction peak at 1.5 V can be
attributed to the reduction of oxygen-containing functional
groups of the graphene; this may be caused by incomplete
heat treatment of the sample. The peak at 1.04 V corresponds

10.0um

Fig. 5 FESEM images of as-prepared MoS,/GrF synthesized at different reaction times: a2 h;b4 h;c 6 h; d 8 h; e 12 h;and f24 h
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Fig. 6 Cyclic voltammograms of MoS,/GrF at a scanning rate of 0.1 mV
s ! during the first three cycles (a). Charge-discharge curves of b MoS,/
GrF, ¢ MoS,/Gr, and d MoS, electrodes at a current density of 100 mA
g . BET surface area plot of electrodes (e). Cycling performance of
MoS,/GrF, MoS,/Gr, and MoS, electrodes at a current density of

to Li* intercalation into the MoS; interlayer space and subse-
quent formation of Li,MoS,, which is accompanied by a
phase transformation from the 2H to the 1T structure of
Li,MoS, (MoS, + xLi* + xe” — Li,MoS;) [17, 21, 40]. The
peak at 0.4 V can be ascribed to the conversion of Li,MoS,
into Li,S and metallic Mo (Li,MoS, + (4-x)e” — Mo + 2Li,S)
[14, 41, 42]. The oxidation peaks at 2.35 and 1.82 V were
ascribed to the partial oxidation of Mo at 2.35 V (Mo +
xLi,S — MoS,) [27] and the restacked MoS, with an enlarged
interlayer distance, respectively [43]. In the 2nd and 3rd cycles
of the cathode sweep, the peaks located at 1.5, 1.04, and 0.4 V
disappear, and two reduction peaks at 1.96 V and 1.36 V could
be observed, which agrees with the previous lithiation and
delithiation profiles. [44] Moreover, except for the first dis-
charge curve, each curve is almost identical, suggesting that
the MoS,/GrF electrode has excellent stability during the elec-
trochemical processes.

lithiation

Tensile stress

delithiation

Compression stress

Scheme 1 The mechanical model of the MoS,/GrF electrode during the
lithiation and delithiation processes

100 mA g71 for 200 cycles (f). Rate performances of MoS,, MoS,/Gr,
and MoS,/GrF composite electrodes at different current densities (g).
Nyquist plots of MoS,, MoS,/Gr, and MoS,/GrF electrodes in the fre-
quency range from 200 kHz to 0.01 Hz (h) and the equivalent-circuit
model (i)

The discharge-charge profiles of the MoS,/GrF electrode
for the 1st, 2nd, 3rd, 100th, and 200th cycles at a current
density of 100 mA g ' between 3.0 and 0.01 V are shown in
Fig. 6b. The MoS,/GrF electrode exhibited an excellent initial
discharge/charge capacity of 1528/1814 mAh g' with a cou-
lombic efficiency of approximately 84.2%. Obviously, the
irreversible capacity loss during the first cycle can be attribut-
ed to the formation of a solid-electrolyte interphase (SEI) layer
[21, 45]. Moreover, the efficiency was maintained at nearly
99% in the subsequent cycles. By contrast, Fig. 6¢ and d
present the discharge-charge performance of MoS,/Gr and
MoS,. The first discharge/charge capacities of MoS,/Gr and
MoS, were 835/1130 mAh g ' and 748/977 mAh g ', with
initial coulombic efficiencies of 73.9% and 76.5%, respective-
ly. To identify the factors influencing the high capacity of Mo/
GrF, a specific surface area (BET) test was performed. As
shown in Fig. 6¢, the BET surface area of MoS,/GrF was
higher than those of MoS,/GrF and MoS,, proving that the
MoS,/GrF sample had more active sites for lithium ions. The
synergetic effect between graphene and MoS,; also greatly
enhanced the lithium storage capacity of MoS,/GrF [23].

The cycling performance of the MoS,/GrF electrode was
evaluated and is presented in Fig. 6f. For comparison, the
respective performance data for the MoS,/Gr and MoS, elec-
trodes are also included. After 39 cycles, the capacity of the
MoS, electrode showed a marked decrease to approximately
165 mAh g~'. The damage of the structure by volume changes
likely led to the pulverization of the active material [23]. The
capacity of the MoS,/Gr electrode exhibited a slow decrease
from 1130 to 758 mAh g after 200 cycles. Interestingly, the
MoS,/GrF electrode delivered a stable and reversible capacity
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Scheme 2 The diffusion path of
lithium ions in the MoS,/GrF
electrode

of 1510 mAh g " after 200 cycles. Comparing the three elec-
trodes demonstrated that the unique three-dimensional hierar-
chical structure of MoS,/GrF can greatly improve its cycling
stability. As illustrated in Scheme 1, the flower-like MoS, on
the MoS,/GrF sample had a network-like architecture, which
had good structural stability. When MoS,/GrF was used as an
electrode material, the network-like architecture could resist
the expansion and shrinkage during the lithiation and
delithiation processes. Furthermore, graphene acts as a buffer
base, which could be helpful for the resistance against struc-
tural deformation.

To evaluate the rate cycling behavior of the three elec-
trodes, tests were carried out at different current densities, as
shown in Fig. 6g. For the MoS,/GrF electrode, the 10th cycle
discharge capacities were approximately 1550, 1450, 1380,
1220, and 990 mAh gf1 at current densities of 100, 200,
300, 500, and 1000 mA gfl, respectively. When the current
density changed from 1000 to 100 mA g ', the discharge
capacity of the electrode returned to ~1500 mAh g, indicat-
ing the extraordinarily high cycling stability of the MoS,/GrF
sample. For comparison, MoS,/Gr and MoS, electrodes were
evaluated at the same current density. The MoS,/Gr electrode
exhibited a discharge capacity of approximately 530 mAh g '
at a current density of 1000 mA g ', and the discharge capac-
ity was approximately 740 mA g~ when the current density
returned to 100 mA g'. In the case of MoS,, the discharge
capacity was 750 mAh g ' at a current density of 100 mA g .
However, the capacity of the MoS, electrode showed a rapid
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decline to 100 mAh g ' at a current density of 1000 mA g ',
and the capacity was not reversible when the current density
was restored to 100 mA g '. According to relevant studies
[23], the outstanding rate performance of the MoS,/GrF com-
posite can be ascribed to the C-O-Mo bonds between MoS,
and graphene. In addition, the HRTEM results reveal that the
MoS,/GrF composite exhibited a larger (002) interlayer dis-
tance than the MoS,/Gr and MoS, samples. This provided a
larger space for Li" intercalation, thereby facilitating faster Li-
ion diffusion [27].

To better understand the superior electrochemical perfor-
mance of the samples, alternating-current impedance mea-
surements were performed after 10 cycles, as shown in Fig.
6h, and the equivalent-circuit model is shown in Fig. 6i.
According to a previous report, R, denotes the internal resis-
tance of the battery. The high-frequency semicircle in Fig. 10a
could be attributed to resistance Ry and CPE; of the SEI film.
The medium-frequency semicircle is assigned to the charge-
transfer resistance R and CPE, of the electrode/electrolyte
interface. The inclined line in the low-frequency region be-
longs to Z,,, which is considered the Warburg impedance cor-
responding to the lithium-diffusion process. According to the
equivalent-circuit model in Fig. 61, the Rrand R, of the MoS,/
GrF electrode are 9.58 €2 and 38.72 2, respectively, which are
less than those of MoS,/Gr (R=12.53 2 and R.=51.62 2) and
MoS, (R=17.25 Q2 and R.=123.1 Q). In particular, the R, of
MoS,/GrF is only 75% and 31% of those of the MoS,/Gr and
MoS, electrodes, respectively. This finding implies a



lonics (2021) 27:1977-1986

1985

reduction in contact resistance and charge-transfer resistance
during Li" insertion/extraction reactions of the MoS,/GrF
electrode due to its unique three-dimensional hierarchical het-
erogeneous structure. This result was similar to that reported
by Shan et al.,'® who considered that the unique hierarchical
3F top-down architecture not only helped accommodate the
volume variation during the cycling process but also dimin-
ished the excess interface between the electrode and
electrolyte.

Conclusions

A facile process for synthesizing a unique three-dimensional
hierarchical heterogeneous structure of MoS,/GrF by the hy-
drothermal method and a subsequent annealing process per-
formed under a N, atmosphere at 800 °C for 2 h was devel-
oped. The outstanding electrochemical performance of MoS,/
GrF can be attributed to its designed structure. As illustrated in
Scheme 2, the advantages of the three-dimensional structure
of the MoS,/GrF electrode are manifested in three aspects.
First, the flower-like MoS, microspheres are grown in situ
on graphene, and the MoS, microspheres consist of approxi-
mately 5-nm thick nanosheets, which can provide abundant
active edge sites for reactions with lithium. In addition, due to
the hierarchical heterostructure, there is no stacking of
graphene, promoting good contact between the active sites
of graphene and the electrolyte. Thus, the synergistic effect
of MoS, and graphene led to a high lithium storage capacity.
Second, the C-O-Mo bond acts as an internal contact, and the
layer contact acts as an external contact. This special structure
could provide a good electron transfer path between MoS, and
graphene and endow the composite with excellent rate perfor-
mance [26]. The larger lattice plane spacing corresponding to
the (002) plane of MoS,/GrF not only provided more space
for Li-ion intercalation but also led to faster Li-ion diffusion.
Third, the network-like architecture of MoS, could enhance
the architecture stability and resist volume expansion during
lithiation and delithiation processes. Meanwhile, graphene
acts as a buffer to resist volume expansion. Therefore, the
structure is stable toward long-term cycling in LIB applica-
tions. The unique three-dimensional hierarchical heteroge-
neous structure of the MoS,/GrF composite can be considered
a promising anode material candidate for high-performance
LIBs.
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