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Abstract
Developing an efficient synthesis protocol to simultaneously control 2D nanomaterials’ size and dispersion is the pivot to optimize their
electrochemical performance. Herein, we report the synthesis of uniform MoS2 nanocrystals well-anchored into the void space of porous carbon
(donated as MoS23C hybrids) by a simple confined reaction in metal–organic framework (MOF) during carbonization process. The strong
confinement effect refrain MoS2 growth and aggregation, generating abundant active centers and edges, which contribute fast lithium/potassium
reaction kinetics. In addition to the hybridization with the derived carbon, the MoS23C hybrids exhibit rapid Liþ transfer rate (~10�9 cm2 s�1)
and greatly improved electronic conductivity. Consequently, the MoS23C hybrids show ultrafast rate performances and satisfactory cycling
stabilities as anode materials for both lithium and potassium ion batteries. This work demonstrates a universal tactic to achieve high dispersive
2D nanomaterials with tailorable particle size.
© 2020, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Two-dimensional (2D) materials have received widespread
attention in energy storage fields, such as supercapacitors [1–

3] and alkali metal ion batteries [4,5], on account of their
unique atomic layer thickness and ultra-large specific surface
area [6–11]. Among them, 2D transition metal sulfides (e.g.
MoS2) usually deliver a higher actual specific capacity than
the theoretical value in lithium-ion batteries (LIBs) [12–14].
This is because the rich edges and the reversible reaction of
Li2S can contribute plentiful additional capacity, which is
different from the corresponding metal oxides [15]. Besides
* Corresponding author.

** Corresponding author.

E-mail addresses: apchen@ecust.edu.cn (A. Chen), jianghao@ecust.edu.

cn (H. Jiang).

https://doi.org/10.1016/j.gee.2020.02.001

2468-0257/© 2020, Institute of Process Engineering, Chinese Academy of Sciences

Ltd. This is an open access article under the CC BY-NC-ND license (http://creativ

Please cite this article as: C. Hu, K. Ma, Y. Hu et al., Confining MoS2 nanocrystals

Green Energy & Environment, https://doi.org/10.1016/j.gee.2020.02.001
that, it is demonstrated that MoS2 is a burgeoning anode
candidate for potassium-ion batteries (KIBs) due to the large
interlayer distance, providing ideal spaces for effective Kþ

insertion and extraction. Nevertheless, they also suffer from
the same drawbacks as metal oxides, such as low conductivity
and ions diffusion kinetics, conspicuous volume change and
structural pulverization in the continuous charge/discharge
process. Meantime, the easy-stacking and sulfur dissolution
also affect the storage capacity and cycling stability [16,17].

It is well-accepted that the few-layer MoS2 nanocrystals
can efficaciously mitigate structural stress change and shorten
electrons/ions transfer distance, giving impetus to improve the
structure stability and lithium/potassium reaction kinetics
[18,19]. Meanwhile, more active edges and surfaces have been
created, which is critical for alkali metal ions storage because
the edges have stronger metal ions binding energy according
to the quantum density functional theory (QDFT) calculations
. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
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[20,21]. However, the MoS2 nanocrystals is prone to aggre-
gation into bigger particles and non-redispersion. The MoS2/C
incorporated nanostructure has been recognized as an effective
method to address the above issues, mainly involving the
thermal decomposition of the two precursors [22,23]. The
matching relationship of the two involved reaction rates have
been proved to be very difficult to control, directly influencing
the particle size and distribution [24,25]. Therefore, it is crit-
ical to exploit a simple and general strategy to controllably
synthesize such incorporated nanostructures.

Metal–organic frameworks (MOFs) have attracted great
attention in the adsorption and separation fields in view of its
plentiful pores [26–29], which can be applied as confinement
space to anchor and disperse targeted compounds. Inspired by
this concept, we realize the confinement of few-layer MoS2
nanocrystals (<10 nm) into MOF-derived porous carbon
(MoS23C) by choosing a stable chromium-based MOF (MIL-
101). The as-prepared MoS23C hybrids deliver high rate
capabilities and long cycling life as LIB and KIB anodes. The
excellent electrochemical performance is dominantly ascribed
to the smart structure design with rapid electron and ion
transfer caused by the strong confinement effect. The present
work provides a general synthesis tactic to achieve high
dispersive 2D nanomaterials with tailorable particle size.

2. Experimental section
2.1. Synthesis of the MoS23C hybrids
In a typical process, MIL-101(Cr) was firstly synthesized
via the method developed by G. F�erey et al. [30] Then, 0.156 g
of MIL-101(Cr) was ultrasonically added into 10 mL dimethyl
formamide (DMF) solution that contained 0.2 g of ammonium
thiomolybdate ((NH4)2MoS4). After collecting and drying, the
brown precipitates were annealed at 600 �C for 2 h under Ar
atmosphere and then etched with mixed solution of dilute
sulfuric acid and potassium bromate to remove chromic ox-
ides. Finally, the MoS23C hybrids were obtained by washing
with deionized water and drying at 80 �C in a vacuum oven.
As a control, the ultrasmall MoS2 nanosheets were also grown
on the surface of MIL-101(Cr) derived porous carbon (labelled
as MoS2/C hybrids). In this process, the above mixed solution
was directly transferred into 50 mL Teflon-lined stainless steel
autoclave and maintained at 210 �C for 24 h, and subsequently
through the same carbonization and etching treatment as the
MoS23C hybrids. The pure MoS2 sample was prepared by
directly annealing (NH4)2MoS4 at the same condition.
2.2. Characterization
The morphology and microstructure of the samples were
analysed by X-ray power diffract-meter (XRD, Rigaku D/
Max2550, Cu Ka radiation), scanning electron microscopy
(SEM, Hitachi, S-4800) with an X-ray energy dispersive
spectrometer (EDS), transmission electron microscopy (TEM,
JEOL-2100F) and scanning transmission electron microscopy
(STEM, FEI Tecnai G2 F20). Raman spectra were tested by
2

NEXUS 670 FT-IR & Raman spectrometer. Nitrogen
adsorption–desorption isotherms were determined by Bru-
nauer–Emmett–Teller (BET) measurement using a Micro-
meritics ASAP 2020 surface area analyzer. The MoS2 content
was obtained by thermogravimetric analysis (NETZSCH
STA409PC) test with a heating rate of 10 �C min�1 under
flowing air. The X-ray photoelectron spectroscopy (XPS) was
recorded with AXIS Ultra DLD spectrometer (Al Ka X-ray
source).
2.3. Electrochemical measurements
Electrochemical measurements were performed using 2032
coin-type cells. The working electrode was obtained by mixing
80 wt% active materials, 10 wt% carbon Super P, and 10 wt%
poly(vinylidene difluoride) (PVDF) and then coating them on
a copper foil by a doctor blade. As for LIBs, the counter
electrode and separator were pure lithium foil and poly-
propylene membrane (Celgard 2400). The electrolyte was 1 M
lithium hexafluorophosphate (LiPF6) in ethylene carbonate
(EC) and diemethyl carbonate (DMC) (volume ratio ¼ 1:1).
For the KIBs, the counter electrode and separator were pure
potassium foil and Whatman GF/D. And the electrolyte was
0.8 M potassium hexafluorophosphate (KPF6) in EC and DMC
(volume ratio ¼ 1:1). The charge–discharge measurements
were carried out on a LAND-CT2001C test system. Cyclic
voltammogram experiment was performed from 0.01 to 3Von
an Autolab PGSTAT302N electrochemical workstation. The
impedance spectra were measured on constant voltage mode
with the frequency range from 100 kHz to 0.01 Hz.

3. Results and discussion

Fig. 1a schematically illustrates the fabrication process of
the MoS23C hybrids. The MIL-101(Cr) MOF with a typical
octahedral morphology has been chosen as confined space
because of its high Brunauer–Emmett–Teller (BET) surface
area of 2313 m2 g�1 and two large cavities of 2.9 and 3.4 nm
(Fig. S1). After absorbing the (NH4)2MoS4 dispersed solution
and the subsequent carbonization, the MoS2 nanocrystals can
be harvested and confined into MOF-derived porous carbon.
The residual chromic oxides can be completely removed by
dilute sulfuric acid and potassium bromate etching, which has
been verified by the EDS and XPS results of the products
before and after etching (Fig. S2). As shown in Fig. 1b, the
MoS23C hybrids also show well-maintained nano-octahedron
with high uniformity and the average edge length is about
150 nm, where no obvious MoS2 nanosheets are observed on
the surface. Fig. 1c provides the transmission electron mi-
croscopy (TEM) observation of the MoS23C hybrids, the
numerous 1–3 layered MoS2 nanocrystals with sizes of
<10 nm are homogenously incorporated into the MOF-derived
carbon skeletons. And the (002) plane interlayer spacing of
few-layer MoS2 nanocrystals is 0.67 nm. The selected-area
electron diffraction (SAED) pattern (inset of Fig. 1c) reveals
the 2H phase MoS2 without any other impurity. The further
elemental distributions of the MoS23C hybrids are shown in
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Fig. 1. (a) Schematic illustration of the fabrication process, (b) SEM image, (c) high-resolution TEM image and (d) STEM-EDS mapping of the as-synthesized

MoS23C hybrids (inset of (c) showing the corresponding SAED pattern).
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Fig. 1d. It can be observed that all of Mo and S elements
uniformly distribute in the carbon matrix. To highlight the
confinement effect, the MoS2/C hybrids are also synthesized
as a control by a simple hydrothermal route, in which few-
layer MoS2 nanosheets have been grown on the surface of
MOF-derived carbon (Fig. S3).

To investigate the formation mechanism of the MoS2
nanocrystals in the MOF-confined space, the thermogravi-
metric (TG) analyses of (NH4)2MoS4, MIL-101(Cr) and
(NH4)2MoS43MIL-101(Cr) have been performed in Fig. S4a.
The corresponding TEM observations and schematic illustra-
tions are further provided in Fig. 2. Before 210 �C, the
(NH4)2MoS4 is decomposed into amorphous MoS3 and MoS2
with the releasing of NH3, H2S and partial sulfur, which results
(a) (b)

(d) (e)

Fig. 2. TEM images and schematic illustrations of the (NH4)2MoS43MIL-101(Cr

3

in 38% mass ratio loss. Fig. 2a and d indicate no crystal lattice
can be found in the cavities of MIL-101(Cr) at 210 �C, further
supporting above analysis. When the temperature increases
from 350 �C to 450 �C, another 10% mass loss can be
observed owing to the residual sulfur evaporation and MIL-
101(Cr) carbonization accompanied with the generation of
pure MoS2 crystals. The TEM image of products at 350 �C is
exhibited in Fig. 2b and e, non-carbonized MIL-101(Cr)
maintains its original structure where 1–3 layered MoS2
nanocrystal with a size of less than 3 nm can be observed. This
fact indicates the nanocages inhibit the excessive agglomera-
tion and growth during grain formation stage. The hybrids are
further annealed at 600 �C to stabilize the structure and
improve the conductivity (Fig. 2c and f). The shape of
(c)

(f)

) annealed in Ar atmosphere at (a, d) 210 �C (b, e) 350 �C, and (c, f) 600 �C.
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carbonized MOF shows slight changes and the lengths of
MoS2 crystals increase to about 10 nm. Notably, the layer
numbers of MoS2 can keep within three, implying that the
MoS2 nanocrystals are separated by carbon. The correspond-
ing differential thermogravimetric (DTG) curves further verify
the above analysis (Fig. S4b). Interestingly, the mass loss
peaks (1# and 2#) of (NH4)2MoS4 shift to lower temperatures
in (NH4)2MoS43MIL-101(Cr), which may be due to the
tendency of the molecules in nanocages to bond with each
other, giving driving force for pyrolysis. Based on the above
results, the formation mechanism can be separated into three
stages: amorphous molybdenum sulfides3MIL-101(Cr) at
210 �C, MoS2 crystals3MIL-101(Cr) at 350 �C and MoS2
crystals3carbonized MIL-101(Cr) at 600 �C. Such process
analysis directs the synthesis of the MoS23C hybrids and
confirms that uniform ultrasmall 2D nanocrystals can be easily
achieved by the unique MOF-confined synthesis tactic.

The crystalline structure of the MoS23C hybrids and the
MoS2/C hybrids are characterized by X-ray diffraction (XRD),
as shown in Fig. 3a. All the diffraction peaks can be indexed to
the 2H phase MoS2 (JCPDS: 37–1492), which are in accor-
dance with the SAED pattern. Compared with the MoS2/C
hybrids, the MoS2 (002) peak in the MoS23C hybrids be-
comes very weak with a shift to small angle, suggesting the
formation of few-layer MoS2 nanocrystals with an enlarged
interlayer distance. It is well-accepted that the peak separation
(Dk) between the in-plane Mo–S mode (E1

2g) and out-of-plane
Mo–S mode (A1g) in the Raman spectra is related to the layer
numbers of MoS2 [31–33]. Fig. 3b shows the MoS23C hy-
brids give a Dk value of 22.1 cm�1 (close to 20.2–21.2 cm�1
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for monolayer MoS2), which is much lower than the MoS2/C
hybrids (23.2 cm�1) and the pure MoS2 (26.1 cm�1). The BET
surface area of MoS23C hybrids is measured to be
118.5 m2 g�1 (Fig. 3c). After removing the MoS2 nanocrystals
by hot concentrated nitric acid, the resultant porous carbon
framework shows a significantly increased BET surface area
of 330.5 m2 g�1 with a typical mesoporous characteristic. The
corresponding TEM image provides a direct evidence in the
inset of Fig. 3c. A new pore size distribution centred at
15.4 nm can be observed for the porous carbon in Fig. S5. The
above results totally verify the successful confinement of few-
layer MoS2 nanocrystals into MOF-derived carbon frame-
works. The MoS2 content in the MoS23C hybrids is about
48.9% according to TG results (Fig. S6). The X-ray photo-
electron spectroscopy (XPS) is employed to understand the
electronic structure of the product. Fig. 3d gives high resolu-
tion Mo 3d spectra of the MoS23C and the MoS2/C. Two
main Mo4þ characteristic peaks at 229.2 eV and 232.5 eV
represent Mo 3d5/2 and Mo 3d3/2 of the Mo–S bond, respec-
tively [34]. It is noted that a pair of small peaks at 228.8/
231.8 eV corresponding to Mo–C bond [35], appears in the
MoS23C hybrids while cannot be found in MoS2/C hybrids.
The emergence of Mo–C bond indicates the strong interaction
between MoS2 and porous carbon frameworks, which is
beneficial for enhancing the structural stability.

All the products are assembled into the 2032 coin-type half
cells to evaluate their electrochemical performances. Fig. 4a
provides the initial three cyclic voltammetry (CV) curves of
the MoS23C hybrids in the potential range of 0.01–3.0 V at
0.2 mV s�1. The peaks at 1.15 V and 0.58 V in the first
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cathodic scan belong to the intercalation and conversion re-
action to form LixMoS2 and Li2S/Mo, respectively [36]. In the
anodic scans, two reversible oxidation peaks of Mo to Mo4þ

and Mo6þ are detected at 1.47 Vand 1.74 V [37]. It is reported
that the electropositive Mo4þ/Mo6þ possessed a strong affinity
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for polysulfides, effectively restraining the sulfur dissolution
during cycling. The oxidation/reduction peaks around 2.3 V/
1.8 V in the subsequent two cycles are attributed to the
reversible reaction of S and Li2S. Fig. 4b shows the galva-
nostatic charge/discharge curves of the MoS23C hybrids for
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the first three cycles at a current density of 200 mA g�1. And
the initial discharge capacity of the MoS23C hybrids reaches
1233.7 mAh g�1 with a Coulombic efficiency (CE) of 70.7%.
The capacity irreversibility is due to the formation of SEI film.
In addition, the second and third cycling curves are almost
overlapped with a near 100% CE. Fig. 4c depicts the rate
performance of the MoS23C hybrids, the average reversible
capacities are 870, 803, 764, 722, 592 mAh g�1 at current
densities of 0.2, 0.5, 1.0, 2.0, 5.0 A g�1, respectively. On the
contrary, the MoS2/C hybrids and the pure MoS2 exhibit much
lower capacities of 360 and 55 mAh g�1 at 5.0 A g�1

(Fig. S7), respectively. Furthermore, as the current density
returning to 0.2 A g�1, because of the structural defects and
6

polysulfide shuttling effect, the MoS2/C hybrids and the pure
MoS2 show obvious capacity decay. Fig. 4d further gives the
cycling stability of the MoS23C hybrids that no obvious ca-
pacity loss can be observed at 1.0 A g�1. And even the current
density up to 5.0 A g�1, a specific capacity of 600 mAh g�1

with 100% capacity retention is still achieved after 200 cycles.
However, the MoS2/C hybrids shows a rapid capacity fading of
260 mAh g�1 at 5 A g�1 after 200 cycles (Fig. S8). Such
property of stable energy output exceeds many recently re-
ported MoS2-based materials [38–40]. For example, Wang
et al. fabricated the MoS2/Graphene 2D heterostructures for
LIBs, which show high rate performances of 970 mAh g�1 at
5A. However, the capacity loss is over 30% in 150 cycles at
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1 A g�1, mainly due to the undesired side reactions which are
caused by directly exposing MoS2 in the electrolyte.

In order to well understand the structure advantages, Liþ

diffusion kinetics of the MoS23C hybrids and the MoS2/C
hybrids are investigated. According to the CV curves at
various scan rates (Fig. S9), the relationship of peak current
(ip) and the square root of scan rate (v1/2) provided in
Fig. 5a&5b and can be interpreted by the Randles–Sevcik
equation (Equation (1)) [41,42].

ip¼
�
2:69�105

�
n3=2�S�D

1=2
Liþ �C� v1=2 ð1Þ

where ip is the peak current, n is the number of charge-transfer,
S is the area of electrode, C is the concentration of Liþ, and v
is the sweep rate. As the values of n, S, and C are constant and
equal in both electrodes, the Liþ diffusion coefficients (DLi

þ)
are positively related to the slope of ip-v

1/2 curves. The linear
curves indicate that the electrodes are diffusion-controlled.
Specifically, the larger slopes in both cathodic and anodic
scans for the MoS23C hybrids suggest the rapider ion diffu-
sion rates compared to MoS2/C hybrids. To further quantify
the DLi

þ throughout the Liþ insertion process, galvanostatic
intermittent titration technique (GITT) study is employed. The
cell is discharged at 200 mA g�1 for 20 min followed by a
relaxation time interval of 120 min, and this procedure is
repeated until the voltage reached 0.01 V. The DLi

þ can be
calculated by Equation (2): [43,44].

DLiþ ¼ 4

pt

�
mBVM

MBA

�2�
DES

DEt

�2

ð2Þ

where mB, VM and MB are the mass, molar volume, and mo-
lecular weight of the active materials, respectively. A is the
contact area between the active material and the electrolyte.
DES, DEt and t are demonstrated in a typical GITT step at
around 1.0 V in Fig. S10. The calculated DLi

þ values are
summarized in Fig. 5c, and the results reveal that the DLi

þ of
the MoS23C hybrids can reach a high value of 10�9 orders of
magnitude, which is higher than that of the MoS2/C hybrids at
all voltages. The DLi

þ shows a downward trend at low-voltage
region, which is mainly attributed to the gradually increased
Liþ concentration in active materials, weakening the concen-
tration diffusion effect. The faster ion diffusion ability is also
confirmed by electrochemical impedance spectra (EIS) results
(Fig. 5d). Besides, the high-frequency region in EIS curves can
be fitting by the typical LIBs circuit model, and the details are
shown in Fig. S11. The curves can be separated to two
semicircles, which are related to SEI resistances (RSEI) and
charge-transfer resistances (Rct), as drawn in the inset of
Fig. 5d. Specifically, the MoS23C hybrids exhibit the lower
RSEI (34.7 U) and Rct (14.0 U) compared to MoS2/C hybrids
(39.5 for RSEI and 19.5 U for Rct). The rapid electron/ion
transfer rates can be attributed to shorten the diffusion length
that created by the high edge-density and surface exposure of
MoS2 in the MoS23C hybrids.

As a promising candidate for next energy storage systems,
KIBs have aroused extensive interest in view of the low price
7

and abundant potassium supplies. The potassium storage
properties of the MoS23C electrodes are also investigated.
Fig. 6a gives the first three CV cycles of the MoS23C hybrids
for KIBs. The reduction peaks appear at 1.1V and 0.4V is
ascribed to the reaction between Kþ and MoS2 to form
KxMoS2 and KxS/Mo, respectively. And the corresponding
depotassiation peaks can be found at around 1.7V in the anodic
scans. The peak potentials are well consistent with the
interlayer-expended MoS2 in a previous report [44]. The
charge/discharge profiles at a current density of 0.5 A g�1 are
shown in Fig. 6b the discharge and charge capacity are 679
and 337 with an ICE of 49.6%. Furthermore, the MoS23C
hybrids can obtain the average specific capacities of 341, 266
and 211 mA h g�1 at 0.5, 1.0, and 2.0 A g�1, respectively.
Even at 5.0 and 10.0 A g�1, 149 and 94 mA h g�1 are
remained, much higher than the MoS2/C hybrids (Fig. 6c).
Such high rate capabilities are not reached in other MoS2
based anodes (Fig. 6d&Table S1) [45–49]. In addition, the
MoS23C hybrids can also show excellent cycling perfor-
mance with a 91% capacity retention at 2.0 A g�1 after 150
cycles, which is far superior to that of the MoS2/C hybrids
(Fig. 6e).

4. Conclusion

In summary, we demonstrate an effective nanoconfined
strategy to incorporate well-dispersed 1–3 layered MoS2
nanocrystals in MOF derived porous carbon. The highly
dispersed MoS2 nanocrystals with sizes of less than 10 nm
expose huge active surfaces/edges. Combining with the ben-
efits of carbonized MOF, the as-designed MoS23C hybrids
show a rapid Liþ transfer and enhanced electronic conduc-
tivity. The features endow MoS23C hybrids with much better
lithium/potassium storage properties than the MoS2/C hybrids
and the corresponding pure MoS2. Specifically, the MoS23C
hybrids deliver a high specific capacity of 870 mAh g�1 at
200 mA g�1 with intriguing rate capability (592 mAh g�1 at
5 A g�1) in LIBs. More importantly, the MoS23C hybrids
exhibit 149 (94) mA h g�1 capacities even at 5.0 (10.0) A g�1

for KIBs. The present MOF confined strategy provides a new
avenue for controlling the size and dispersibility of 2D
nanomaterials.
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