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ABSTRACT A facile and scalable 2D spatial confinement strategy is
developed for in situ synthesizing highly crystalline MoS, nanosheets with
few layers (<5 layers) anchored on 3D porous carbon nanosheet networks
(3D FL-MoS,@PCNNs) as lithium-ion battery anode. During the synthesis, 3D
self-assembly of cubic NaCl particles is adopted to not only serve as a
template to direct the growth of 3D porous carbon nanosheet networks, but *

also create a 2D-confined space to achieve the construction of few-layer

MoS, nanosheets robustly lain on the surface of carbon nanosheet walls. In
@ Mo @ MoOx nanosheets

® S 4@ MoS:z nanosheets
. H2S @ Carbon nanosheets

the resulting 3D architecture, the intimate contact between the surfaces of
MoS, and carbon nanosheets can effectively avoid the aggregation and
restacking of MoS, as well as remarkably enhance the structural integrity of
the electrode, while the conductive matrix of 3D porous carbon nanosheet networks can ensure fast transport of both electrons and ions in the whole
electrode. As a result, this unique 3D architecture manifests an outstanding long-life cycling capability at high rates, namely, a specific capacity as large as

709 mAh g is delivered at 2 A g ' and maintains ~95.2% even after 520 deep charge/discharge cycles. Apart from promising lithium-ion battery anode,

this 3D FL-MoS,@PCNN composite also has immense potential for applications in other areas such as supercapacitor, catalysis, and sensors.
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lithium-ion battery anode

ithium-ion batteries (LIBs), which possess

the advantage of superior properties

such as high energy and powder dens-
ity, environmental benignity and long cycle
life, are widely utilized in consumer electro-
nics, transportation, and renewable energy
storage devices. In particular, they are con-
sidered as a priority candidate of power
sources for future hybrid electric vehicles
and electric vehicles." In order to further
increase the energy density and power capa-
bility of current LIBs, enormous efforts have
been made to develop high-performance
electrode materials. In this regard, many
metals, metal oxides or sulfides have been
intensively explored as LIB anode materials
in view of their large theoretical capacities,
environmental friendliness and low-cost.> ™

ZHOU ET AL.

As a representative two-dimensional (2D)
layered transition metal sulfide,>~” molyb-
denum disulfide (MoS,) nanosheet has at-
tracted great scientific interest most recently
for LIBs due to its 4-electron transfer reaction
when hosting lithium ions, which enable its
lithium storage capacity (669 mA h g ")
much higher than that of the commercial
graphite anode (372 mA h g"). Despite
those predominant features, the practical
application of MoS, as an anode material
are yet to be realized thanks to its low
intrinsic electric conductivity and large vol-
ume changes during the lithium insertion
and extraction process, resulting in dramatic
electrode pulverization and loss of electrical
contact from the current collector, thus lead-
ing to poor cyclability and sluggish dynamic
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of MoS, for lithium storage.>*” In order to overcome
this obstacle, various strategies have been put forward
to enhance the structural integrity and electrical con-
ductivity of MoS,-based anodes, such as synthesizing
MoS, nanostructures with diverse morphologies®~'°
or coupling MoS, with electrically conductive polymer
or carbon to construct nanocomposites.”2° 52

Up to now, a number of MoS,/carbon composites
have been exploited for LIB anodes, such as MoS,
nanosheets embedded in porous carbon or carbon
fibers,?' 23 carbon fibers or carbon spheres decorated
with MoS, nanosheets,?*~3° MoS,/carbon nanotubes
composites,>' 3> and graphene supported MoS,
nanosheets.3*~>? It has been reported that these car-
bon matrices can not only ameliorate the electric
conductivity of the electrode greatly but also provide
spaces to buffer the volume changes of MoS, during
the charge/discharge process, thereby leading to en-
hanced cycling and rate performances.?' ~>2 Currently,
the most frequently utilized approach for producing
MoS,/carbon composites is hydrothermal, or solution
synthesis method, which involves the preparation of
carbon matrix in advance and subsequent solution
synthesis of MoS, decorated on the surface of the
carbon matrix. Another method is to employ chemical
vapor deposition (CVD) technique to in situ grow MoS,
layers on a prefabricated carbon matrix. Unfortunately,
most of these methods need complicated synthesis
processes and thus are tedious, costly and time-
consuming. Furthermore, the serious issue of quite
low yield ranging from milligrams to grams would also
highly hinder their large-scale application for commer-
cial LIBs.>®*°

On the other hand, when we investigated system-
atically the lithium storage performances of these
MoS,/carbon hybrids reported,® ~>? a phenomenon
can be found: most of them can only endure less
than 100 cycles at current densities in the range of
0.05—1 A g, and long-life cycling capability at high
rates that is highly crucial for the development of high-
power LIBs has rarely achieved (see Table S1), which
may be ascribed to the following factors. (i) 2D MoS,
nanosheets are easy to reaggregate or restack because
of their strong interlayer van der Waals attraction and
large surface energy, which would greatly reduce the
effective area of the electrode/electrolyte interface; (ii)
the interfacial bonding between the MoS, materials
and the carbon matrix is not very effective and intimate
owing to the fact that in most cases the MoS, materials
are just simply decorated on the surface of carbon
matrix, which induces large interface resistance and
severe structural instability; (iii) as stated above, most
of the MoS, materials in these hybrids for LIB anodes
were prepared by hydrothermal or solution synthesis
method, in which the obtained low quality MoS,
materials usually are amorphous or low-crystalline
structures and have severe structural defects, thus
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leading to unsatisfactory structural stability and per-
formance especially in the case of high-rate charge/
discharge cycling.23263032344447.5052 Tharefore, it is
very urgent and desirable to develop a facile and
scalable strategy for the fabrication of a novel MoS,/
carbon composite that can conquer the aggregation
and restacking of MoS, and meanwhile has an intimate
interfacial contact between MoS, and carbon matrix
to enable overall structural integrity and excellent
kinetics for storing lithium ions during the high-rate
cycling process.

In this work, we demonstrated a novel 2D spatial
confinement strategy to in situ fabricate MoS, nano-
sheets anchored on 3D porous carbon nanosheet net-
works (indicated with 3D FL-MoS,@PCNNs), in which
highly crystalline MoS, nanosheets with few layers
(<5 layers) very homogeneously and tightly lie on
the surface of carbon nanosheet walls (with thickness
<3 nm). In this straightforward one-step solid-phase
synthesis strategy, 3D self-assembly of cubic NaCl
particles is adopted to not only serve as a template
to direct the growth of 3D porous carbon nanosheet
networks,>® but also create a 2D-confined space to
achieve the construction of few-layer MoS, nanosheets
robustly lain on carbon nanosheet walls, which offer
several advantages as LIB anodes: First of all, few-layer
MoS, nanosheets with ultrathin nature and high qual-
ity can provide a short length for the steady transport
of both electrons and ions. Second, the intimate
surface-to-surface contact between MoS, and carbon
nanosheets not only can effectively restrain the aggre-
gation of MoS, nanosheets and buffer their volume
expansion and thus maintain structural integrity of
the electrode, but also enable fast electron and ion
transportation across the interface between Mo$S, and
carbon nanosheets.>* Finally, the 3D carbon nanosheet
networks with porous nature, large surface area and
excellent electrical conductivity can facilitate three-
dimensional diffusion and transport of electrons and
ions in the whole electrode and further offer ample
void space for buffering the volume expansion of MoS,
during discharge (lithiation).>® With these inspiring
merits, this novel 3D architecture demonstrates an
outstanding long-life cycling capability at high rates;
ie., a specific capacity as large as 709 mAh g is
delivered at 2 A g~ and maintains ~95.2% even after
520 deep charge/discharge cycles. Moreover, this one-
step synthesis approach accomplished in the solid-
phase state may be very suitable for scalable and low-
cost industrial production of MoS,/carbon composites.

RESULTS AND DISCUSSION

The fabrication of 3D FL-MoS,@PCNNs is schemati-
cally depicted in Figure 1. The first step of the synthesis
process consists in dissolving NaCl, CgHgO,, NH,CSNH,,
and (NH;)6Mo0,0,,:4H,0 in distilled water to obtain
an even solution. In the second step, the water in the
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Figure 1. Schematics depicting the fabrication procedure of 3D FL-MoS,@PCNNs: (a) NaCl particles, (b) 3D NaCl self-assembly
coated with NH,CSNH,—(NH;)6M070,4—CsHgOy, () illustration of the growth of MoS, nanosheets within the 2D-confined
space between the NaCl surfaces, (d) 3D NaCl covered with FL-MoS,@CNNs, and (e) 3D FL-MoS,@PCNNs.

resulting solution is removed using a freeze-drying
technology, which ensures the preservation of the
uniform dispersion of NaCl, CgHgO,, NH,CSNH,, and
(NH4)6M0,054+4H,0 in the precursor gel. Moreover,
thanks to the cubic crystal structure of NaCl, this step
can also guarantee that the NaCl particles uniformly
coated with an ultrathin NH>CSNH5—(NH4)sM0;054—
CsHgO7 complex film are self-assembled into 3D frame-
work (Figure 1b).>® In the third step, 3D complex of
NH,CSNH;,—(NH;)sMo,0,,—CgHgO,/NaCl is heated at
750 °C under Ar. During the heat-treatment process,
the (NH4)¢Mo,0,, is decomposed to ultrathin MoO,
nanosheets within the 2D-confined space between the
NaCl surfaces, and NH,CSNH, is hydrolyzed to H,S, and
then MoO, nanosheets react with H,S to in situ form 2D
ultrathin MoS; nanosheets (Figure 1c). Meanwhile, the
citric acid is carbonized within the 2D-confined space
to form ultrathin carbon nanosheet that tightly pins
the MoS; nanosheets on its surface (Figure 1d). Finally,
the NaCl particles in the as-made products were easily
eliminated with deionized water to obtain pure 3D
FL-MoS,@PCNNs (Figure Te). Importantly, it should
be pointed out that above heat-treatment process
is implemented by the solid-phase complex, which
makes this one-step in situ synthesis approach very
easily controllable, low-cost, and very suitable for scal-
able industrial production of MoS,/carbon composites.
Moreover, this one-step solid-phase fabrication pro-
cess can avoid post tedious separation and purification
procedures as well as agglomerations of MoS, nano-
sheets, but these issues are almost inevitable for the
liquid phase synthesis method.>

Figure 2a shows the X-ray diffraction (XRD) pattern
of the as-made 3D FL-MoS,@PCNNs. Besides the weak
and broadened diffraction peak at 25—28° assigned to

ZHOU ET AL.

the phase of carbon materials, all sharp diffraction
peaks agree well with the hexagonal MoS, planes
(JCPDS card No. 37—1492), implying the high crystal-
line and phase purity of MoS, materials in the 3D
FL-MoS,@PCNNs. It is noteworthy that the strong peak
at 14.2°, which is due to the (002) plane of MoS,,
indicates the ordered stacking of S—Mo—S layers.’
According to thermogravimetric analysis (TGA, Sup-
porting Information Figure S1), the MoS, content in
the product can be calculated to be approximately
67.1 wt %, which is comparable to previously reported
MoS,/carbon composites.>4~2638-43

Figure 2b and Figure S2a exhibit scanning
electron microscopy (SEM) images of the product
(3D FL-MoS,@PCNNs). As can be seen, the sample
possesses a highly interconnected 3D porous network
with submicrometer-sized macropores and the outer
edges of the network walls demonstrate the low
contrast and obvious corrugations, revealing that the
walls with ultrathin thickness (<3 nm) should have
excellent mechanical flexibility.>® In order to explore
the microstructures of the 3D FL-MoS,@PCNNs, trans-
mission electron microscopy (TEM), high-resolution
TEM (HRTEM), scanning transmission electron micros-
copy (STEM) and elemental mapping were performed.
According to Figure 2¢, we can further ascertain an
interconnected 3D porous network, well consistent with
above SEM analysis. When examined the TEM images
in detail, it is clearly discerned that a large number of
uniform hexagonal or quasi-hexagonal MoS; nanosheets
with a lateral size ranging from 50 to 300 nm and a large
aspect ratio homogeneously lie on the surface of carbon
nanosheet walls (as shown in Figure 2c,d), thus achieving
a surface to surface contact (Figure 2e).>* STEM image
(Figure S2b) and the C, Mo and S element mappings
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Figure 2. (a) XRD pattern, (b) SEM and (c—f) TEM images of 3D FL-MoS,@PCNNs.

(Figure S2c—f) of the as-formed 3D FL-MoS,@PCNNs
further give the proof of the even distribution of MoS,
nanosheets in the 3D carbon network. More importantly,
it is worth noting that, during the preparation process of
TEM sample, even after a vigorous sonication for more
than 48 h, the MoS, nanosheets are still firmly pinned on
the carbon nanosheets with robust surface-to-surface
contact (see Figure S2g,h), suggesting the strong and
effective interfacial bonding between MoS, and carbon
nanosheets. It is believed that such intimate surface-to-
surface contact between MoS, and carbon nanosheets
not only can effectively hamper the aggregation and
restacking of MoS, nanosheets for ensuring the whole
structural integrity and good cycling stability, but also
markedly facilitates fast and stable electron and ion
transport across the interface for improving the rate
capacity and cyclability.>*~>8

Furthermore, the thickness (layer number) and crys-
tallinity of the MoS, and carbon nanosheets were
determined using HRTEM in details. From HRTEM images
of Figure 2f and Figure 3a, we can observe that all of the
MoS, nanosheets are highly crystallized and composed
of monolayer, bilayer or a few layers only (<5 layers).
HRTEM image of Figure 3b taken from a typical MoS,
nanosheet further reveals that the atoms exhibit obvious
hexagonal atomic arrangement with the spacing of
the adjacent lattice being 0.27 and 0.16 nm, which are
in good accordance with typical (100) and (110) planes
of the pristine 2H-MoS,, respectively.>*~%% Figure 3c
shows the reciprocal space image obtained by Fourier
transform of Figure 3b, further demonstrating distinct
hexagonal crystal structure of MoS,. Figure S2i displays
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the EDS spectrum of the bilayer MoS, nanosheet, which
validates that this nanosheet possesses both sulfur
and molybdenum. With regard to the carbon nanosheet
walls, HRTEM images of Figure 3d,e reveal that they have
good crystallization and their thickness is generally 3 nm
or less than 3 nm. In addition, it is also found that the
thickness of MoS, and carbon nanosheets, or the content
of MoS, in the 3D networks can be tuned by adjusting
the preparation conditions, such as the content of NaCl,
and the ratio of MoS, precursor to carbon precursor.
With a larger content of NaCl and higher ratio of MoS,
precursor to carbon precursor, thinner carbon nanosheet
walls and MoS; nanosheets with larger content can be
synthesized in the 3D composites.>®

In order to unveil the growth mechanism of 3D
FL-MoS,@PCNNs, a series of designed experiments
were performed. First, when the mixture (NH,CSNH,—
(NH4)sMo0,0,,—CgHgO,) without adding NaCl was
treated under the same condition as that for the pre-
paration of 3D FL-MoS,@PCNNs, we found that the
as-obtained product is just micrometer-sized carbon
blocks embedded with disordered MoS, (indicated
with MoS,/C composite) and there is no porous carbon
networks and MoS, nanosheets (see Figure S3).
This remarkable morphological difference highlights
the crucial role of NaCl in the growth of 3D FL-
MoS,@PCNNs. To verify this, the precursor gel of
NH,CSNH,—(NH4)sM0;0,4—CsHgO5/NaCl after freeze-
drying dehydration, the heat-treatment products be-
fore removing NaCl and the heat-treatment products
of CgHgO7/NaCl without NH,CSNH;—(NH,4)sMo;054
were characterized by SEM. From the SEM image of
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Figure 3. (a,b) HRTEM images of typical MoS, nanosheets. (c) Fourier-transformed electron diffraction of (b). (d,e) HRTEM
images of typical carbon nanosheet walls. (f) Raman spectrum of 3D FL-MoS,@PCNNs. (g) Magnified Raman spectrum of 3D
FL-MoS,@PCNNs, exhibiting the typical MoS, characteristic signature.

Figure S4a, it can be distinctly seen that the cubic
particles, which are NaCl evenly coated with an ultra-
thin film of NH,CSNH,—(NH,4)gMo,0,4,—CgHgO5, were
self-assembled into 3D architecture during the freeze-
drying process. After heat-treatment, this 3D structure
was still maintained and in fact the FL-MoS,@CNNs
were synthesized along the surface of NaCl self-assembly
(Figure S4b).>® As for the heat-treatment products of
CeHgO/NaCl without adding NH,CSNH,—(NH,4)¢Mo,0,,,
it can be observed that a 3D porous carbon nanosheet
network (indicated with 3D PCNNs) that perfectly re-
plicates the template of 3D NaCl self-assembly were
obtained (Figure S4c—f). According to above results,
we affirmatively deduced that the 3D NaCl self-
assembly builds a 2D confined void between the NaCl
surfaces that spatially directs the formation of 2D MoS,
nanosheets and 2D citric acid-derived carbon nano-
sheets. In addition, we have also employed XRD and
SEM analyses to investigate the composition and micro-
structure of the products obtained by calcining the
mixture ((NH4)eMo0,0,4/NaCl) without CgHgO; and
NH,CSNH, and its reaction products with H,S, as well
as the products obtained by heat-treating the single
material of (NH4)sMo,0,4 and its reaction products
with H,S. It can be discerned that at low temperature,
MO, nanosheets were obtained when calcining the
(NH,4)6Mo0,0,, in the presence of NaCl (Figure S5a,c,d,g).
As these MO, nanosheets further reacted with H,S, MoS,
nanosheets were synthesized (Figure S5b,g). In regard to
the calcining products of single (NH,4)¢Mo,0,,4, a mass of

ZHOU ET AL.

bulk MO, materials can be observed (Figure S5e). After
further reaction with H,S, these bulk MO, materials can
be converted to bulk MoS, materials (Figure S5fh).
On the basis of the above evidence and previous
works,**%8~6 we considered that the formation process
of our 3D FL-MoS,@PCNNs may be as follows. At re-
latively low temperatures, the (NH;)sMo,0,, is decom-
posed to ultrathin MoO, nanosheets within the
2D-confined space between the NaCl surfaces and
the NH,CSNH, is hydrolyzed to H,S, CO, and NHs. The
detailed reaction equations are described as follows.*'*?

3(NH4)6M07024‘4H20 — (14x — 24)NH3
+ (21 — 7x)N3 +21MoOy + (84 — 21x)H,0

At higher temperatures, ultrathin MoO, nanosheets
react with H,S to form few-layer MoS, nanosheets, and
the reaction can be expressed as follows. 4289

4M0O, + (x + 6)HS — 4MoS; + (x — 2)SO3 + (x + 6)H,0
3)

Meanwhile, citric acid is carbonized within the
2D-confined space to generate ultrathin carbon nano-
sheet®® that tightly anchor the MoS, nanosheets
on its surface, leading to the remarkably enhanced
interfacial contact between the MoS, nanosheets
and carbon matrix. Ultimately, the NaCl particles in
the as-synthesized products were easily removed by
deionized water, and then pure 3D FL-MoS,@PCNNs
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were obtained. However, the validation for the detailed
formation process of 3D FL-MoS,@PCNNs should
require more careful investigations, and in depth
systematic study is needed in the future.

3D FL-MoS,@PCNNs were further evaluated by
Raman spectroscopy to confirm the carbon material
and MoS, structure, with the results illustrated in
Figure 3f. 1t can be obviously revealed that the spectrum
exhibits two characteristic peaks of carbon materials,
located at 1361 and 1601 cm™' and corresponding to
the D and G bands, respectively. It is well-known that
the D band is ascribed to the vibrations of carbon atoms
with dangling bonds for the in-plane terminations of
disordered graphite, while the G band is the result of
the E;g mode (stretching vibrations) in the basal plane
of the crystalline graphite.®® As shown in Figure 3f,
the Raman intensity of the G band is higher than the
D band, indicating that the carbon materials in the
3D networks are mainly composed of well-crystallized
graphite, in good agreement with TEM results above.
In addition to the typical peaks for carbon materials,
the other two distinct peaks around at the bands of
408 and 382 cm™' are MoS, characteristic signature
and associated with out-of-plane A;q4 (out-of-plane
symmetric displacements of S atoms along the c-axis)
and in-plane E12g (the in-plane displacement of Mo and
S atoms) Raman mode, respectively (Figure 3g).>° 52
X-ray photoelectron spectroscopy (XPS) analysis was
carried out to further clarify the chemical composition
of Mo and S in the 3D FL-MoS,@PCNNs. As seen in
Figure S6a, there are two characteristic peaks at 229.5
and 232.7 eV, which correspond to the Mo 3ds/,, and
Mo 3ds,, orbitals, respectively, suggesting a Mo (IV)
characteristic in MoS,. The binding energies located
at 162.3 and 163.5 eV are due to S 2ps/,; and 2p;,,,
respectively (Figure S6b). Above binding energies
are all in good agreement with values of MoS, crystal
reported previously.>*®? Detailed compositional anal-
ysis from XPS indicates that the atomic ratio of Moand S
is about 1:2, further giving the evidence of the synthesis
of MoS; in the product.

Nitrogen adsorption—desorption measurements were
utilized to study the texture and porous nature of the
3D FL-MoS,@PCNNs. As exhibited in Figure S7a, their
adsorption—desorption isotherms coincide with a type
IV isotherm. The specific surface area is calculated to
be 355 m? g~ by the Brunauer—Emmett—Teller (BET)
analysis, which is much larger than the MoS,/C compos-
ite (3.93 m? g~ ', see Figure S7c) and the bulk MoS,
powders (23 m? g '). The pore size distribution derived
from the Barrett—Joyner—Halenda (BJH) method is
depicted in Figure S7b. Besides the macropores un-
veiled from the SEM and TEM images, it can be dis-
closed that the 3D architecture has a broad pore size
distribution that includes a mass of micro- (0.5—2 nm)
and mesopores (2—36 nm). Obviously, the macropores
are generated by the soluble template of NaCl particles.
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As for the micropores and mesopores in the 3D archi-
tecture, they may be related to the porous structure
and defects inside the carbon nanosheets as a result
of releasing gas during the high-temperature heat-
treatment process.>® In order to clarify the origin of
the high surface area of 3D FL-MoS,@PCNNs, we have
also investigated the porous nature of 3D PCNNs
produced by calcining the mixture (C¢HgO,/NaCl) with-
out adding NH,CSNH,—(NH,4)¢M050,4. As can be seen
in Figure S8, the 3D PCNNs possess a very high surface
area of 1090 m? g~ together with hierarchical porous
structure from micropores to macropores. On the basis
of the above analysis, it can be speculated that the high
surface area of 3D FL-MoS,@PCNNs should be attributed
to the joint action between the porous carbon network
with very high surface area and the ultrathin MoS,
nanosheets with low surface area. The unique hierarchical
porous structure combined with high specific surface
area of 3D FL-MoS,@PCNNs can facilitate the mass trans-
port of electrolytes into the active materials and the fast
diffusion of lithium ions in the whole electrode during
lithium storage, and also can provide ample void space to
release the mechanical strain of the active material with-
out leading to pulverization during lithium insertion/
extraction, which are highly desirable features for
energy storage application or other applications.38°>

The electrochemical properties of MoS, nanosheets
and 3D FL-MoS,@PCNNs were first evaluated by cyclic
voltammogram (CV). Figure S9a displays the CV curves
for the fist three cycles of the MoS, nanosheet elec-
trode at a sweep rate of 0.1 mV s~ within a potential
window of 0.005—3.0 V (vs Li*/Li). Similar to MoS,
anodes reported previously,”'"*® two dominant re-
duction peaks at 1.09 and 0.50 V appear only in the
first cycle, which are commonly ascribed to insertion
of lithium ions into the interlayer space of MoS; to form
Li,MoS,, and the reduction of Li,MoS, to Li,S and
metallic Mo nanoparticles via a conversion reaction,
respectively. As for the oxidation peak ataround 2.33V,
which is due to the oxidation of Li,S to S and lithium
ions, it becomes much weaker and has a right shift
after the first cycle, indicating that these MoS, nano-
sheets might have poor structural stability and cycling
performance,”' '8 as further revealed in the following
electrochemical tests. In the subsequent cycles, three
new reduction peaks at around 1.93, 1.10, and 0.27 V
emerge that are attributed to the three reactions
expressed in the following eqs 4—6.3¢4°

2Lit 4+ S+2e” — LipS (4)
MoS; + xLi™ +xe ™ — Li,MoS, (5)

LixMoS; + (4 — x)Lit + (4 — x)e™ — Mo + 2Li,S (6)

With regard to the 3D FL-MoS,@PCNN electrode
(Figure 4a), most of the reduction and oxidation peaks
in its CV curves are weaker as well as exhibit a slight
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Figure 4. (a) CVs of the 3D FL-MoS,@PCNN electrode at a scanning rate of 0.1 mV st during the initial three cycles. (b)
Galvanostatic discharge/charge profiles of the 3D FL-MoS,@PCNN electrode at 0.1 A g~ . (c) Cycle behaviors and (d) Rate-
capability performance of the electrodes of 3D FL-MoS,@PCNNs, MoS,/C composites and commercial MoS, powders. (e)
Capacity retention of the 3D FL-MoS,@PCNN electrode at current densities of 0.2, 0.5,and 1 A g ' for initial fix cycles and then
2 A g~ ' for subsequent 520 cycles. (f) Nyquist plots of the AC impedance spectra for the electrodes of 3D FL-MoS,@PCNNs,
MoS,/C composites, and commercial MoS, powders after the rate capability test.

shift compared with the CV curves of MoS, nanosheet
electrode, which may be induced by the combined
effects of both ultrathin MoS, nanosheets (Figure S9a)
and 3D PCNNs (Figure S9b) electrochemically reacted
with lithium ions.2**¢384° The new weak oxidation peak
at about 1.89 V and reduction peak at about 1.68 V,
which are absent in the CV curves of MoS;, nanosheet
electrode (Figure S9a), should be ascribed to the rever-
sible lithium storage on 3D PCNNs, further indicating
both the 3D PCNNs and MoS, nanosheets in the 3D
architecture have the ability to store lithium ions during
the electrochemical process.**3¢*849 |n addition, it can
be noted that after the first cycle the subsequent CV
curves of 3D FL-MoS,@PCNN electrode almost overlap,
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indicating the excellent retention of structural stability
for the 3D architecture during the charge/discharge
process.>?

Figure S9c and Figure 4b present the galvanostatic
charge—discharge voltage profiles of the MoS, nano-
sheet and 3D FL-MoS,@PCNN electrode, respectively,
for the first, second, and third cycles at a constant
current density of 0.1 A g '. In the first discharge
voltage profile of the MoS, nanosheet electrode
(Figure S9c¢), two distinct voltage plateaus at around
1.2 and 0.7 V can be observed. According to previous
reports,®'*® the plateau at ~1.2 V should be assigned
to lithium insertion into the interlayer space of MoS, to
form Li,MoS,, while the plateau at ~0.7 V is ascribed to
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the decomposition of Li,MoS, to Li,S and Mo through
a conversion reaction process. After the first discharge
cycle, there appear three new inapparent plateaus at
around 1.8, 1.0, and 0.3 V, which are in good accor-
dance with MoS, anodes reported previously.>4° In
the charge profile for the MoS, nanosheet electrode, a
plateau at around 2.3 V is due to the oxidation of Li,S
into S and lithium ions.®'"*® Therefore, above voltage
plateaus in the charge/discharge profiles are well
consistent with the reduction and oxidation peaks in
the CV curves of the MoS, nanosheet electrode. As to
the charge/discharge voltage profiles (Figure 4b) of the
3D FL-MoS,@PCNN electrode, it can be found that all
voltage plateaus are not very apparent in comparison
with MoS, nanosheet electrode, in good agreement
with that from the above CV curves (Figure 4a). This
result should be caused by the combined effects
of MoS, nanosheet (Figure S9c) and 3D PCNNs
(Figure S9d) and further validates that both the MoS,
nanosheet and 3D PCNNs are the active materials for
electrochemically hosting lithium ions.2#3¢384° | the
first cycle of 3D FL-MoS,@PCNN electrode, its initial
discharge and charge specific capacities are approxi-
mately 1654 and 1161 mAh g, respectively, showing
a Coulombic efficiency (CE) of ~70% (in contrast, the
3D PCNN electrode exhibits a much lower CE of 46%,
as shown in Figure S9d). The initial irreversible capacity
loss of the FL-MoS,@PCNN electrode might be due to
the inevitable formation of solid electrolyte interphase
(SEl) and decomposition of electrolyte.”?4?

Figure 4c and Figure S10 exhibit the galvanostatic
cycle behaviors of 3D FL-MoS,@PCNNs, MoS,/C com-
posite, commercial MoS, powder, MoS, nanosheet and
3D PCNNCs at a current density of 0.1 A g™, together
with the Coulombic efficiency of FL-MoS,@PCNN
electrode depicted in Figure 4c. For the 3D FL-
MoS,@PCNNs, the reversible specific capacities of
~1128 and ~1127 mAh g~' were delivered at the
second cycle and after 200 cycles, respectively, leading
to a capacity retention of nearly 100% after 200 charge/
discharge cycles. Although their initial Coulombic
efficiency is only ~70% in the first cycle, it rapidly
increases to ~97% in the third cycles and retains above
99% after 14th cycles, suggesting efficient electron and
ion transport and facile lithium ion insertion and
extraction in the FL-MoS,@PCNN electrode.®® In con-
trast, the MoS,/C composite, MoS, nanosheets, and
MoS, powders show continuous and progressive
capacity decay along with cycling processes at the
same current density. After 50 cycles, MoS,/C compo-
site, MoS, powder, and MoS, nanosheet electrodes can
only deliver 354, 157, and 223 mAh g™, respectively.
As for the 3D PCNNC electrode, it shows good
cycling stability, but only has a low capacity of bout
345 mAh g~ ' after 50 cycles. The low capacities of
either of the single MoS, nanosheet or 3D PCNNC
electrode indicate that the MoS, nanosheets and 3D
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PCNNCs should have a favorable synergistic effect that
contributes to the much better reversible capacity and
cycling performance of 3D FL-MoS,@PCNNs.%*

Furthermore, Figure 4d demonstrates the much
improved rate capability for the 3D FL-MoS,@PCNN
electrode. As the current rates increase from 0.2 to 0.5,
1,2,5,and 10C(1C=1Ag '), the 3D FL-MoS,@PCNNs
display reversible and stable capacities of 1060, 950,
880,710, 480, and 250 mA h g~ ', respectively. Notably,
these values are much higher than those of MoS,/C
composite and MoS, powders. Importantly, when
the current density decreases t0 0.2 A g~ ' after cycling
under high current densities, 3D FL-MoS,@PCNNs can
still regain a reversible capacity near 1050 mA h g~
compared with the 1075 mAh g~ ' obtained in the
initial cycle at 0.2 C rate, resulting in a capacity fading of
only 2%. Inspired by the good cycling and rate perfor-
mance, the long-term cyclability evaluation of the
3D FL-MoS,@PCNN electrode was also carried out
at a high rate of 2 C (2 A g™ '), with the evolution of
the specific capacity displayed in Figure 4d. Very
strikingly, a specific capacity as high as 709 mAh g~
was delivered at 2 A g~' and maintains ~95.2%
(676 mAh g~ ') even after 520 deep charge/discharge
cycles, with a capacity-decay rate of only 0.009% per
cycle. Such excellent long-life cycling capability at high
rates of our 3D FL-MoS,@PCNN electrode are superior
to previous MoS, nanostructures,® ' and MoS,/
carbon composites”?°~>? (as shown in Table S1). To
our best knowledge, very few previous MoS,-based
anodes have reported to be able to endure hundreds
of cycles at high rates. For example, Xu et al. con-
structed MoS; nanosheets-decorated CMK-3 by a hy-
drothermal process; the designed MoS,/CMK-3 anode
delivered a discharge capacity of 934 mAh g~ ' after
150 cycles at a current density of 0.4 A g~'.2" Very
recently, MoS, sheets-decorated carbon nanofibers
also produced by the hydrothermal method were
developed as a LIB anode with 300 cycles, which
exhibited a capacity of 688 mAh g~ " at 1 A g ' after
about 300 cycles, with a capacity retention of about
76.4%>* In comparison with these prominent results,
the 3D FL-MoS,@PCNN electrode in this work demon-
strates even more superior long-life high-rate cycling
capability, which delivers ~709 mAh g~ at a higher
current density of 2 A g~ ' for over 500 cycles while
exhibiting a capacity retention as high as 95.2%.

The electrochemical impedance spectra measure-
ments on the electrodes of 3D FL-MoS,@PCNNs, MoS,/
C composites and commercial MoS, powders before
cycling and after the rate capability test were also
conducted to gain deeper insights into the remarkable
enhanced electrochemical reaction kinetics of 3D FL-
MoS,@PCNNs. Figure S11a and Figure 4f shows the
Nyquist plots of the AC-impedance spectra obtained
for the three samples before cycling and after the rate
capability test, respectively. In accordance with the
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impedance spectra of other MoS,-based anodes,”*'#?

these impedance spectra are all composed of a medium-
to-high frequency depressed semicircle and a low-
frequency sloping straight line. The high frequency
semicircle is an indication of SEl resistance (CPE;) and
contact resistance (Ry), the medium frequency semi-
circular can be explained as the charge-transfer im-
pedance (R) of the electrode reaction coupled with
CPE, of the electrode/electrolyte interface, while the
low-frequency sloping straight line corresponds to the
Warburg impedance (Z,,), relating to solid-state diffu-
sion of lithium ions in the bulk electrode (R.).36>3646°
As can be seen in Figure 4f and Figure S11a, it is quite
obvious that the diameter of the semicircle for 3D FL-
MoS,@PCNN electrode before cycling or after the rate
capability test at the high—medium frequency region
is dramatically smaller than that of MoS,/C composites
and MoS, powders, suggesting that this unique 3D
architecture can remarkably enhance the electrical
conductivity and electrochemical reaction kinetics of
the whole electrode. In addition, the kinetic para-
meters (R¢ and R) can be obtained by modeling AC
impendence spectra on the basis of the modified
Randles equivalent circuit (Figure S11b), with the fitted
kinetic parameters exhibited in Table S2. As can be
seen, the SEI film resistance Ry and charge-transfer
resistance R of the 3D FL-MoS,@PCNN electrode after
rate capability test are much lower than those of the
MoS,/C composite and MoS, powder electrodes after
rate capability test, which validates that the 3D carbon
nanosheet network and the intimate interfacial contact
between MoS, and carbon nanosheets could effec-
tively lower the contact resistance and charge transfer
resistance of the composite electrode and thus give
rise to enhanced electron transfer speed especially
during the high-rate lithium insertion/extraction pro-
cess, leading to much better rate performance of 3D
FL-MoS,@PCNNs than MoS,/C composites and MoS,
powders.

The above evidence clearly substantiates that our
3D FL-MoS,@PCNN anode possesses high reversible
capacity, excellent Coulombic efficiency, and superb
long-life cycling capability at high rates, which should
be associated with its unique microstructure that offers
the following advantages. First, the highly flexible
ultrathin carbon nanosheets that tightly anchor the
2D MoS; nanosheets can enable synchronous defor-
mation along with volume change of MoS; nanosheets
and thus can effectively prevent the peel off of MoS,
nanosheets from the conductive carbon matrix during
cycling. More importantly, the well-crystallized MoS,
nanosheets coupled with intimate interfacial contact
between the surfaces of MoS, and high-conducting
carbon nanosheets can ensure fast and stable trans-
port of both electrons and ions across the interface
especially at high-rate charge/discharge cycling pro-
cess, contributing to evidently enhanced high-rate
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cycling capacity and stability. Second, the 3D carbon
nanosheet architecture with integrative nature, large
surface area, and superior continuous conductive net-
work can remarkably facilitate three-dimensional fast
and efficient transport of both electrons and ions into
the deep locations of the overall electrode3”4%°3
Furthermore, their abundant macropores and meso-
pores can further provide sufficient void space for
expansion of MoS, upon lithiation and hence mitigates
the mechanical failure of the active materials after
repeated lithiation/delithiation. Third, the ultrathin
2D nature of MoS, and carbon nanosheets can offer
a mass of active sites for hosting lithium ions, and
also can greatly shorten the diffusion distance of both
electrons and ions, which is favorable for enhancing
the high-rate cycling capacity and good Coulombic
efficiency. 37384253 Al of these points are responsible
for the superior high-rate cycle performance of the 3D
FL-MoS,@PCNNs. In addition, the microstructure of the
FL-MoS,@PCNN electrode after long-term high-rate
cyclability test has also been explored by TEM, STEM
and elemental mapping. As shown in Figure S12,
although the FL-MoS,@PCNN electrode was cycled
for over 520 cycles at 2 A g~ ', it still retains a homo-
geneous distribution of C, Mo, and S elements in the
carbon nanosheets, further validating the fine high-
rate cycling stability of this novel architecture.

CONCLUSIONS

In summary, we have developed a novel and scal-
able 2D space-confined strategy for the synthesis of
few-layer MoS, nanosheets anchored on 3D porous
carbon nanosheet networks as a high-performance
LIB anode. 3D NaCl self-assembly was introduced to
serve as a template to direct the growth of 3D porous
carbon nanosheet networks and also offer a 2D-
confined space for the in situ construction of few-
layer MoS, nanosheets robustly lain on the surface of
carbon nanosheet walls. In the built 3D architecture,
the intimate surface-to-surface contact can effectively
avoid the aggregation of MoS, nanosheets and re-
markably enhance the structural stability of the elec-
trode, while the 3D porous carbon nanosheet networks
can enable fast transport of both electrons and ions
in the overall electrode. As a consequence, this 3D
architecture manifests an outstanding long-life cycling
performance at high rates; it can deliver a specific
capacity as large as 676 mAh g~ even after 520 deep
charge/discharge cycles at 2 A g~' while showing
a capacity retention as high as 95.2%. Apart from
promising LIB anodes, it is believed that this 3D FL-
MoS,@PCNN hybrid also has immense potential for
applications in other areas such as supercapacitor,
catalysis, and sensors. Furthermore, this unique 2D
space-confined synthesis protocol may be very suit-
able for scalable and low-cost industrial production
of MoS,/carbon composites and also can be easily
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extended to the construction of other 2D nano-
structures (such as metal sulfide/oxide) anchored on

METHODS

Preparation of 3D FL-MoS,@PCNNs. In a typical synthesis of
3D FL-MoS,@PCNNs, 1.401 g of citric acid, 0.3532 g of
(NH4)6M050,4-4H,0, 0.3654 g of CH4N,S and 17.55 g of NaCl
were first dissolved in 100 mL of deionized water by magnetic
stirring. The as-obtained homogeneous solution was then
frozen in a refrigerator at —20 °C for 24 h. Subsequently, the
water in the resulting gel is removed by freeze-drying
and the obtained dry gel was ground to fine composite
powder, which was then subjected to heat-treatment. During
the heat-treatment process, the composite powder (~10 g)
was placed in a quartz boat located in the middle of the
furnace tube and heated at 750 °C for 2 h under Ar. After that,
the furnace tube was cooled down to room temperature in
the presence of Ar. Finally, the NaCl in the as-made products
were removed by deionized water to obtain pure 3D FL-
MoS,@PCNNs. For comparison, amorphous carbon blocks
with MoS, embedded (MoS,/C composite) were prepared by
heat-treating the mixture of (NH;)sMo,0,4-4H,0, CH4N,S
and citric acid without adding NaCl at the same prepara-
tion conditions of 3D FL-MoS,@PCNNs, MoS, nanosheets
were obtained by calcining the mixture ((NH,;)sMo,0,4/NaCl)
without CgHgO; and NH,CSNH, and its reaction product
with H,S, and 3D PCNNs were synthesized by heat-treating
the mixture of CgHgO,/NaCl without adding NH,CSNH,—
(NH,)6M07024.

Characterizations. XRD measurements were conducted on a
Rigaku D/max 2500 diffractometer using Cu Ko radiation at a
wavelength of 1.5406 A. SEM was performed with a JSM-6700F
scanning electron microscope. TEM, HRTEM, STEM and elemen-
tal mapping were carried out using a FEI Tecnai G? F20 field
emission transmission electron microscope operated at 200 kV.
EDX analysis was conducted on an EDAX system attached to the
FEI Tecnai G2 F20 microscope. TG analysis was performed with a
PerkinElmer (TA Instruments) up to 700 °C at a heating rate of
10 °C/min in air. Raman spectrum was recorded on the LabRAM
HR Raman spectrometer using laser excitation at 514.5 nm
from an Ar ion laser source. XPS analysis was performed on an
ESCALab220i-XL electron spectrometer from VG Scientific using
300 W Al Ko radiation. Nitrogen adsorption and desorption
isotherms at 77.3 K were carried out with a ASAP 2020 physi-
sorption analyzer (USA).

Electrochemical Measurements. The electrochemical properties
of 3D FL-Mo0S,@PCNNs, MoS,/C composite, MoS, nanosheets,
3D PCNNs or commercial MoS, powders purchased from DK
nanotechnology Co., Ltd., Beijing, were carried out using coin-
type half-cell (CR2032). During the preparation of working
electrodes, active materials, Super-P carbon black, and poly-
vinylidene fluoride (PVDF) with mass ratio 80:10:10 were mixed
into a homogeneous slurry with mortar and pestle, and then the
obtained slurry was pasted onto pure Cu foil. Lithium metal foil
works as both counter and reference electrode, the electrolyte
was LiPFg (1 M) in ethylene carbonate/dimethyl carbonate/
diethyl carbonate (1:1:1 vol %). The tested cells were assembled
in an argon-filled glovebox. CV was carried out on a CHI660D
electrochemical workstation at a scan rate of 0.1 mV s within
the potential range of 0.005—3.0 V vs Li*/Li. The discharge and
charge measurements of the batteries were performed on a
LAND CT2001A electrochemical workstation between 3.00 and
0.005 V at room temperature. Here the total weight of the active
materials (3D FL-MoS,@PCNNs, commercial MoS, powders,
MoS,/C composite, MoS, nanosheets or 3D PCNNs) was
utilized to calculate the capacity values. Electrochemical im-
pedance spectroscopy measurements were recorded on a
CHI660D electrochemical workstation in the frequency range
100 kHz to 10 mHz.
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