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Tailoring heterointerfaces at atomic and molecular levels in electrode materials for superior structural
stability and enhanced power/energy densities is desired yet still challenging for achieving ultrafast and
stable Na-ion batteries. Herein, an MoS,/MoO, heterointerface is designed and created, in which
ultrafine MoO, nanocrystals are tightly anchored on ultrathin MoS, nanosheets, with the assistance of an
N-doped carbon protecting layer, on flexible carbon nanotubes. The electrode exhibits a high specific
capacity of ~700 mA h gt at 0.2 A g~* and an ultra-long cycling stability over 6000 cycles at 5 A g~%.
Moreover, an excellent rate capability of ~375 mA h g~* at 10 A g~' is retained. As evidenced by both
experiments and density functional theory (DFT) calculations, the heterointerface could not only
introduce an electric field to reduce the charge transport barrier, but also provide extra active sites to
adsorb Na*. Meanwhile, within the designed nanoarchitecture, the MoO, nanocrystals can effectively
reduce the aggregation of MoS, during charge/discharge processes, and adsorb polysulfide to improve
the reversibility. This work provides a fundamental understanding of engineering heterointerfaces at the
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Introduction

In the past decades, lithium ion batteries (LIBs) as the energy
storage system have been widely applied in portable electronic
products, electric vehicles, and grid-scale energy storage. With
the market demand growth, the limited lithium resource and
uneven distribution cannot meet the large-scale application.'
Considering the electrochemical similarity between lithium and
sodium, sodium ion batteries (SIBs) as one of the most prom-
ising candidates aroused extensive attention due to the abun-
dance of the sodium resource in the Earth's crust. However, the
ionic radius of Na' is larger than that of Li*, which leads to
sluggish reaction kinetics, severe structural collapse of the
active material, and an unstable solid electrolyte interphase
(SEI), these eventually give rise to inferior electrochemical
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performance.*® Therefore, exploring a suitable anode material
is the key point to enhance the Na" storage for SIBs. Among the
anode materials, MoS, has been extensively investigated
because of its high theoretical specific capacity, and unique two-
dimensional structure with large interlayer spacing.®® Despite
these merits, the application of MoS, is still limited by the poor
intrinsic conductivity, and structural pulverization with the
conversion reaction. Therefore, it is particularly important to
rationally design a robust and enhanced structure to promote
the reaction kinetics and buffer the volume change
simultaneously.

Nanoarchitecturing through robust nano-carbon scaffolds
has been considered as an effective way to reduce the ion
diffusion path and relieve volume expansion during cycling.***
Based on such considerations, different MoS,-carbon
composites were explored to improve the cyclability of SIBs,
such as MoS,/graphene, MoS,/carbon spheres, MoS,/carbon
nanotubes, and MoS,/carbon networks.*>** Although progress
has been made, challenges still remain for the practical appli-
cation of MoS, in SIBs. Self-aggregation is inevitable during
repeated charge/discharge processes because of the weak
bonding force between MoS, and the carbon matrix, leading to
the burial of active sites.”® Furthermore, the polysulfides
generated from the conversion reaction during the discharge
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process could bring severe redox shuttle issues and lead to
irreversible capacity loss.® Recently, heterointerfaces have
attracted great attention ranging from optoelectronic devices to
electronic instruments, which can afford unprecedented prop-
erties by accelerating the charge separation and offering more
active sites. For instance, MoS,/Ti0,,** SnS/Sn0,,* Sb,S;/SnS,,*
TiO,/M0O, (ref. 24) and CoySg/ZnS (ref. 25) heterostructures
have demonstrated higher specific capacity, enhanced electron
mobility and superior rate capability. Nevertheless, the reported
heterostructures tend to form dendritic/dumbbell-like
morphology owing to the lattice mismatch between different
crystal structures, which leads to undesirable structural insta-
bility and poor cycling life. Meanwhile, the interfacial bonding
within the heterointerface is crucial to the understanding of the
Na' storage mechanism in the composites. Thereby, it is urgent
to explore new strategies to realize the controllable synthesis of
stable heterointerfaces and provide more insights regarding the
mechanisms of their synergistic effect.

Based on first-principle calculations, nano-heterointerfaces
can effectively improve the structural stability of electrode
materials by providing a stronger interface and larger contact
area, enabling faster electron transfer.”” Meanwhile, defects
formed between the interfaces could provide an additional
pseudocapacitive contribution.? Using this as an inspiration, we
designed a MoS,/MoO, hybrid with an ideal nano-
heterointerface, in which few-layer MoS, and MoO, nano-
crystals are sandwiched by N-doped carbon anchoring on
a carbon nanotube (CNT) surface (CNT-MoS,@Mo00,-C). This
system could provide solutions to the stability challenges
associated with MoS,-based negative electrodes for SIBs. In this
structure, MoO, nanocrystals are well distributed within MoS,
nanosheets to avoid the aggregation of MoS, during charge/
discharge processes, as well as to adsorb polysulfides to
improve the reversibility. Moreover, the nano-interface between
MoS, and MoO, crystals, compared to the traditional limited
interfacial contact, could provide additional sites for charge
storage and promote electron and ion transport. Furthermore,
the N-doped carbon can facilitate fast ion diffusion, and act as
the protection shell to strengthen the structural durability of the
nanocomposite simultaneously. Consequently, the prepared
CNT-MoS,@Mo00,-C electrode exhibited a high reversible
capacity of ~375 mA h g at 10 A g and excellent cycling
stability (stable over 6000 cycles at 5 A g '). Galvanostatic
intermittence titration techniques (GITTs) and density-
functional theory (DFT) -calculations were performed to
provide in-depth insights on the interfacial charge storage and
transport mechanism. Such a synergistic design strategy may
open a new avenue for the rational design of hierarchical
nanostructured electrode materials as well as unveil the role of
the interface in hierarchical nanocomposites for high perfor-
mance SIBs.

Results and discussion

The synthesis process of CNT-MoS,@Mo00,-C is illustrated in
Scheme 1. The CNT-MoS, composite was first synthesized by
a hydrothermal method. Subsequently, the MoO, nanocrystals
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Scheme 1 Schematic illustration of the preparation of CNT-MoS,@-
MOOz'C.

were formed on the MoS, nanosheets via self-polymerization of
dopamine with Mo,0,,° under alkaline conditions. Finally,
CNT-MoS,@Mo00,-C was obtained by thermal treatment under
an Ar atmosphere. The morphology and structural features were
characterized using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). As shown in Fig. 1a,
the 1D structure of the prepared CNT-MoS, is preserved and has
a coarse surface, which is uniformly covered by densely packed
and wrinkled MoS, nanosheets, and the diameter of the
prepared CNT-MoS, is ~300 nm. Fig. 1b shows that the CNT-
MoS,@Mo0,-C maintains the 1D structure after introducing
MoO, nanocrystals. SEM (Fig. 1c) distinctly shows that
numerous plate-like structures are vertically aligned on the
surface of carbon with a thickness of ~13 nm. From the high-
magnification image (Fig. 1c inset), voids enclosed by the
sheet-structure form at the surface. This porous structure can
not only effectively accommodate volume change during
repeated charge/discharge processes, but also increase the
specific surface area. Fig. 1d shows the typical TEM image of
CNT-MoS,@Mo0,-C, where the 1D CNTs are uniformly coated
by the 2D structure, indicating that 2D MoS, nanosheets with
a folded structure have been successfully grown on the CNT
surface. The TEM image of individual 2D sheets is illustrated in

5 nm

Fig.1 (a) SEM image of CNT-MoS,, (b—f) SEM, TEM and high resolu-
tion TEM images of CNT-MoS,@Mo0O,-C.
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Fig. le revealing that the MoO, nanocrystals are successfully
distributed on the surface of MoS, sheets without aggregation.
To further demonstrate the characteristics of MoO, nano-
crystals, the high-resolution TEM image (Fig. 1le inset) shows
that the nanocrystals are clearly visible with the size of ~3 nm
on the surface of MoS, nanosheets. The excellent distribution of
MoO, nanocrystals can be attributed to the polymerization of
dopamine together with MoO,>~. Dopamine contains a rich
catechol group that has the ability to chelate and adsorb
a variety of metal ions during self-polymerization, which would
react with the Mo-S group to ensure that the MoO, crystals can
effectively grow on the surface of MoS,.”* Meanwhile, the
nanocrystals that are uniformly embedded in the carbon matrix
form a robust shell, which could reduce aggregation of nano-
crystals and restrict nanocrystal growth during the thermal
treatment. The few-layered structure with an interlayer distance
of 0.96 nm is shown in Fig. 1f, which can be ascribed to the (002)
lattice plane of MoS,, indicating the expanded layer feature. To
further confirm the successful attachment of MoO, nano-
crystals on MoS, nanosheets, the TEM images of CNT-MoS, are
detected (as shown in Fig. S1a and b¥). Bare CNT-MoS, obtained
by the same experimental procedure without MoO,-C shows
a smooth surface, no nanocrystals can be seen. When MoO,
nanocrystals are introduced on the MoS, nanosheets, the
surface is obviously dotted with well-dispersed nanocrystals
(Fig. S1c and dt). MoS, and MoO, are combined closely under
the effect of van der Waals forces near the boundary.”” In
addition, the carbon-induced by the dopamine could
strengthen the structural durability of the heterojunction
simultaneously.

The structure of the as-prepared CNT-MoS,@Mo00,-C was
further investigated by XRD. In the XRD pattern (Fig. 2a),
a broad peak can be seen at 26 = 26.5°, which can be attributed
to the amorphous MoO,. All the other diffraction peaks match
well with the hexagonal MoS, (JCPDS card no. 37-1492).
Notably, the (002) peak related to the crystal structure of
multilayer MoS, is not detected, but a sharp peak at 8.9° (1¥)
and a wide peak at 17.4° (2*) appear, which can be attributed to
the few-layer MoS, nanosheets.”>*®*® According to Bragg's law
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Fig. 2 (a) XRD pattern of CNT-MoS,@Mo0O,-C, (b) Raman profiles of
CNT-MoS, and CNT-MoS,@Mo0,-C, (c) TGA curves of pure MoS,
and CNT-MoS,@Mo0,-C, and (d) N, adsorption—desorption isotherm
of CNT-MOSz@MOOZ—C.
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(2d sinf = nA),* the calculated interlayer spacing of the peak
(1*) is 0.97 nm, which agrees with the TEM results. Raman
spectroscopy was carried out to elucidate the crystal structure
and composition of the as-prepared nanocomposite. In Fig. 2b,
there are two distinct peaks located at 1335 and 1574 cm ™ * for
both CNT-MoS,@Mo00,-C and CNT-MoS, representing the D
(disorder) and G bands (graphitic) of carbon, respectively.
Compared to the Ip/Ig of CNT-MoS, (0.98), CNT-MoS,@Mo00,-C
shows a higher I,/I; (1.17) due to the larger number of defects
caused by the N-doped carbon. As shown in Fig. S21 peaks at
round 380 and 401 cm ™! are detected, which correspond to the
in-plane E;, mode and out-of-plane A;, mode of MoS,, respec-
tively.** The remaining peaks located at 191, 387, 317, and
664 cm ' are the characteristic peaks of MoO,, demonstrating
the successful introduction of MoO, on the MoS, surface.**
Thermogravimetric analysis (TGA) was performed to examine
the carbon content in the CNT-MoS,@Mo00,-C composite.
According to the literature,* MoS, can be oxidized to MoO; in
air, then the pure MoS,@MoO, was also examined for the
purpose of quantitative analysis. In comparison with the 13.8%
weight loss of pure MoS,, CNT-MoS, and CNT-MoS,@Mo0,-C
demonstrate 27.6 and 31.2% weight loss, the calculated content
of MoS,@Mo00, is 82.6% (the details of the calculation are
shown in Fig. S31). The N, adsorption-desorption technique
was used to characterize the surface area of the as-prepared
sample. A typical type IV isotherm is distinctly observed
(Fig. 2d). The specific surface area based on Brunauer-Emmett-
Teller (BET) measurements is 209 m* g~ . Such a high specific
area could offer more active sites and promote the electron/ion
diffusion, leading to the enhanced performance.

To further analyze the composition and chemical state of the
as-prepared CNT-MoS,@Mo00,-C, X-ray photoelectron spec-
troscopy (XPS) was carried out. In Fig. 3a, Mo, S, O, C, and N can
be distinctly detected in the XPS survey scan of the sample,
indicating the existence of the above elements in the CNT-
MoS,@Mo0,-C composite. The high-resolution Mo spectrum is
shown in Fig. 3b, the two peaks at 229.8 and 233.0 eV with
a splitting energy of 3.2 eV can be attributed to Mo 3d;/, and Mo
3ds/, of MoS,, respectively.*® In addition, the other two peaks at
the binding energy of 230.3 and 233.3 eV belong to MoO, with
a splitting energy of 3.0 eV.** Mo®" was also detected at around
236.6 eV, which is associated with the surface oxidation of Mo**
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Fig. 3 (a) All survey, (b) Mo 3d, (c) S 2p, (d) C 1s, (e) O 1s, and (f) N high-
resolution XPS spectra of CNT-MoS,@Mo0,-C.
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in air.** The small peak next to Mo 3d;, is assigned to S.** To
further identify the surface electronic states of the as-prepared
CNT-MoS,@Mo0,-C, the Mo bonding states in CNT-MoS, and
mixture of CNT-MoS, and MoO,-C (CNT-MoS,/Mo00,-C) are also
detected. As shown in Fig. S4,f the Mo 3d spectrum of CNT-
MoS, demonstrates typical Mo**-S peaks at binding energies of
229.3 and 232.5 eV. Compared with the spectrum of CNT-MoS,,
two additional peaks at 229.5 and 233.1 eV can be seen in the
spectrum of CNT-MoS,/M00,-C, which can be assigned to
MoO, 3d;/, and 3ds,,, suggesting the existence of MoO, in the
mixture. Note that Mo**=S is still located at the same binding
energy without any shift, which demonstrates that the mixture
is physically blended without chemical bonds. In comparison,
the two peaks of Mo 3d for CNT-MoS,@Mo00,-C shifted to
higher binding energy values, as a result of the coupling effect
of MoS, and MoO, in the MoS,/MoO, heterostructures.?*?>
These results agree with the generation of MoS,/MoO, hetero-
structures as confirmed by XRD and TEM.

From the high-resolution S spectrum (Fig. 3c), there are two
characteristic peaks at 162.5 and 163.7 eV, which are consistent
with S 2pz, and S 2p;,.** As shown in Fig. 3d, the peaks
centered at 284.5, 286.2, and 289.3 eV could be assigned to the
C-C, C-0, C=0 bonds, respectively.’” The O 1s peak (Fig. 3e) at
529.8 eV can be attributed to the Mo-O signal, which further
confirms the existence of MoO, in the CNT-MoS,@Mo00,-C
composite. And the other peaks located at 529 and 531.5 €V can
be attributed to the C=0 and C-OH bond, respectively.** The N
1s spectrum is displayed in Fig. 3f, an apparent peak at 394.5 eV
corresponds to the Mo-N bond, illustrating N doping and
strong interaction in CNT-MoS,@Mo00,-C. The other peaks at
398.3 and 401.7 eV are ascribed to pyridinic N and pyrrolic N,
respectively, which are beneficial for the pseudocapacitive
behavior, leading to fast reaction kinetics.’” The XPS results
further prove the formation of the as-predicted CNT-MoS,®@-
MoO,-C structure.

The electrochemical performance of the CNT-MoS,@Mo0,-
C electrode was evaluated in 2032-type coin cells. The galvano-
static charge-discharge profiles of CNT-MoS,@Mo0O,-C at
a current of 1 A g~ ' are shown in Fig. 4a. The initial discharge
and charge specific capacities are 809 and 607 mA h g~ ", cor-
responding to a high coulombic efficiency of 74% (vs. 56% for
the CNT-MoS, composite shown in Fig. S51). The increased ICE
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Fig. 4 (a) Charge—discharge profiles of the CNT-MoS,@MoO,-C
electrode, (b) the cycling performance of CNT-MoS, and CNT-
MoS,@Mo0,-C electrodes at a current of 1 A g%, (c) rate capability of
CNT-MoS, and CNT-MoS,@Mo0,-C electrodes, and (d) long-term
cycling performance at a current of 5A g%
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can be attributed to the MoO, nanocrystals anchored on 2D
nanosheets, which could adsorb the polysulfides to improve the
reversibility of MoS, at the interface.*® Meanwhile, the dispersed
MoO, and N-doped carbon would prevent restacking and
agglomeration of MoS, during the charge/discharge process,
offering more chemically active sites.** The initial irreversible
capacity loss is mainly associated with the formation of solid
electrolyte interphase (SEI) films.*® From the second cycle,
a capacity of 569 mA h g~ " can be achieved with an increased
coulombic efficiency of 93%. After 50 cycles, the electrode
maintained a highly reversible capacity of 563 mA h g~ ' and an
almost ~100% coulombic efficiency, which can be attributed to
the stable interface. In order to further confirm the superiority
of such an interface structure, the CNT-MoS, control was cycled
at a current of 1 A g~'. As shown in Fig. 4b, the CNT-MoS,
electrode shows continued capacity decay and the capacity
decreases to about 180 mA h g~ * after 800 cycles, which mainly
results from the large volume expansion/contraction and
uncontrolled aggregation of the active materials during charge/
discharge processes. In contrast, CNT-MoS,@Mo00,-C can
maintain a much higher discharge capacity of 534 mA h g~*
with high cycling stability. The rate capabilities of the CNT-
MoS,@Mo00,-C electrode with various current rates from 0.2 to
10 A g~ ' are demonstrated in Fig. 4c. The CNT-Mo0S,@Mo00,-C
electrode demonstrates an impressive rate performance,
average capacities of 702, 598, 486, 453, 412 and 398 mA h g’1
were delivered at 0.2, 0.5, 1, 2, 5, and 10 A g~ %, respectively. In
particular, a capacity of ~700 mA h g~ ' could still be reached
when the current was switched back to 0.2 A g™, after the deep
charge/discharge cycles at a high current of 10 A g~ * for 10
cycles, which manifests the reversible and facile Na* insertion/
extraction. As a comparison, the CNT-MoS, electrode exhibits
inferior specific capacity, only 127 mA h g~ ' at the current
density of 10 A g~'. Notably, the Na* storage of the CNT-
MoS,@Mo0,-C electrode is significantly enhanced compared
with other reported MoS,-based and MoO,-based elec-
trodes.®®1%17:203240 To further confirm the effect of the hetero-
interface on the Na' storage, the electrochemical performances
of CNT-MoS,/M00,-C (CNT-MoS, and MoO,-C are physically
blended by grinding without a heterojunction) are also evalu-
ated. As shown in Fig. S6a,t the CNT-MoS,/M00,-C electrode
delivered a specific capacity of 200 mA h g~" at a current of
1 Ag ' along with the continued capacity decay and the capacity
decreased to ~150 mA h g~ after 200 cycles. The rate capability
of the mixture of CNT-MoS, and MoO,-C is also investigated.
From Fig. S6b,T only capacities of 72 and 46 mA h ¢~ " could be
reached at currents of 5 and 10 A g™,

Long-term cycling performance is the key attribute for the
application of SIBs. However, the large radius of Na" makes the
charge transport difficult, and stress associated with volume
change inevitably leads to structural collapse. Impressively, the
as-prepared CNT-MoS,@Mo0O,-C electrode demonstrates
excellent long-term cycling stability (Fig. 4d) even at the high
current density of 5 A g~ '. The capacity can be well maintained
with ~400 mA h g™ after 5000 cycles with a stable coulombic
efficiency of ~100%, which implies that the interface structure
is highly reversible and stable. The structural stability of the

This journal is © The Royal Society of Chemistry 2020
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CNT-MoS,@Mo0O, electrode is evaluated by SEM and TEM after
100 cycles, as shown in Fig. S7.1 It can be seen that the 1D
morphology is well-retained and MoO, nanocrystals still
uniformly dispersed on MoS, nanosheets, which illustrate the
high structural stability.

To elucidate the charge transport mechanisms of Na' in the
CNT-MoS,@Mo00,-C electrode, the galvanostatic intermittent
titration technique (GITT, shown in Fig. S81) was performed. As
shown in Fig. 5a, the GITT profile of CNT-MoS,@Mo00,-C was
obtained by applying a series of current pulses at 100 mA g~ " for
0.5 h followed by a 2 h relaxation process, and the potential
change shown in the discharge curve corresponds to the Na*
diffusion rate (Dy,*). According to the equation™

4 (mpVu\’ (AE\? I?

(e v
a series of Dy,+ at corresponding potentials can be quantified.
The calculated Dy,+ of CNT-Mo0S,@MOo00,-C is shown in Fig. 5b;
the diffusivity of Na* is mostly constant across the voltage range.
Moreover, the Dy, in CNT-MoS,@Mo00,-C was higher than that
of CNT-MoS, during the whole process, demonstrating
enhanced diffusion kinetics by engineering the atomic hetero-
interface. The atomic heterointerface can effectively restrict the
crystal grain growth and offer more crystal defects for fast ion
diffusion.* Cyclic voltammetry (CV) was conducted to study the
charge storage mechanism of CNT-MoS,@Mo0,-C. Fig. 5c
reveals the typical CV curves at a scan rate of 0.1 mV s~ ' within
the potential window of 0.01-3 V. In the first cycle, a broad
reduction peak at 1.0-1.5 V in the cathodic process can be
attributed to the intercalation of Na* into MoS, to form Na,-
MoS,.*> And the other broad peak at ~0.5 V could be associated
with the formation of SEI film and the Na' intercalation in
Mo00O,.** The dominant peak at ~0.15 V is assigned to the
conversion reaction of Mo and Na,S.* In the following two
cycles, the curves overlapped well, illustrating superior revers-
ibility and stability of the CNT-MoS,@Mo00,-C electrode during
the charge/discharge process. Comparing with the reported
MoS,-based electrode, the CNT-MoS,@Mo00,-C electrode shows
enhanced reversibility, which can be attributed to the
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Fig. 5 (a) GITT profile of the CNT-MoS,@Mo0O,-C electrode, (b) the
corresponding Na™ diffusion coefficient at different potentials, (c) CV
curves at a scan rate of 0.1 mV s™%, (d) CV curves at different scan rates
ranging from 0.1 to 2 mV s7%, (e) the calculated b values at different
potentials, and (f) the capacitive behavior distinguished from the CV
curves at a scan rate of 0.5 mV s™%
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suppressed shuttle effect owing to the introduction of MoO,. To
further verify the effect of the MoO, nanocrystal in the CNT-
MoS,@Mo00,-C electrode, the CNT-MoS,@Mo00,-C and CNT-
MoS, electrodes were disassembled after several cycles at
a current of 0.1 A g~ '. Digital images in Fig. S91 clearly show
that the surface of the separator and counter electrode in the
case of CNT-MoS,@Mo0,-C was clearly without visible deposi-
tion. In contrast, yellow deposits were visible on the surface of
the separator for the CNT-MoS, electrode. These results further
demonstrate the effect of MoO,, which can be combined with
polysulfide in the atomic heterointerface and then suppresses
the shuttle effect.®*® The charge storage mechanism of CNT-
MoS,@Mo0,-C is explored via CV at various scan rates. Fig. 5d
shows the CV curves at scan rates from 0.1 to 2 mV s~ *, which
show similar shape. It is assumed that the charge storage
mechanism can be studied according to the relationship
between the current (i) and scan rate (v):**

i=a’ (2)

where a and b are the adjustable parameters, and the b-value
can be calculated from the slopes of log(r)-log(i) plots. Specifi-
cally, the charge storage is controlled by diffusion when b is 0.5,
whereas b = 1 indicates that the capacitive behavior dominates
the whole process. Fig. 5e illustrates a series of b values at
different potentials during the cathodic process, and the inset is
the plot of log(v)-log(i). The majority b values are higher than
0.8, which suggest that the capacitive behavior plays a dominant
role in the charge storage, promoting fast kinetics. The capac-
itive contribution to the total charge storage at specified scan
rate can be quantitatively analyzed according to the following
equation:*

1
i= le + szE [3)

where kv represents the capacitive effect, which can be ob-
tained through calculating &;. As demonstrated in Fig. 5f, the
capacitive contribution for the CNT-MoS,@Mo00,-C electrode at
a scan rate of 0.5 mV s~ (shaded area) is ~84% of the whole
charge storage.

As expected, the CNT-MoS,@Mo00,-C structure with well-
known characteristics have shown compelling Na' storage
performance, which mainly benefits from the following: (1) the
expanded interlayer space can offer more active sites for
adsorbing Na" and promote fast insertion/extraction of Na',
resulting in fast reaction kinetics; (2) the shuttle effects of
intermediate polysulfides generated through the conversion
reaction can be well suppressed by the introduction of MoO,,
which acts as an adsorbent to immobilize polysulfides,
promoting the reversibility of the reaction. Moreover, the
growth of MoO, on the MoS, surface can avoid the aggregation
and restacking of 2D MoS, during the charge/discharge process,
ensuring the exposure of the active sites; (3) the CNTs and
highly conductive N-doped carbon as the sandwiched layer can
tightly integrate the MoS,/MoO,, which not only increases the
charge transfer but also buffers the volume expansion during
the charge/discharge process, contributing to the structural

stability and cycling reversibility. The electrochemical
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impedance spectra (EIS) were recorded to better understand the
kinetics of the CNT-MoS,@Mo00,-C, CNT-MoS,, and MoO,-C
electrodes, the results were fitted with an equivalent electrical
circuit (Fig. S10t). The CNT-Mo0S,@Mo00,-C electrode demon-
strates a lower charge transfer resistance than the CNT-MoS,
(869 Q) and M00,-C (567 Q), which can be attributed to the
rapid electron transfer effects of CNTs and N-doped carbon in
the sandwich-type structure;** (4) the enhanced pseudocapaci-
tance with the hierarchical nanostructure can effectively facili-
tate fast kinetics in charge transfer and transport.

In addition to the aforementioned merits, the enhancement
in the capacities of the composite electrodes has often been
ascribed to an ambiguous “synergetic effect” without further
clarification or discussion on the exact roles of the interface. In
this work, the CNT-MoS,@Mo00,-C electrode features distinct
differences from previously reported composite materials in
terms of the nanoscale heterointerface, which could maximize
the Na' storage and transport. To further understand the effect
of such an interesting atomic heterointerface on the Na' storage
behavior, DFT calculations were carried out. In this structure,
MosS, is a typical p-type semiconductor with a band gap of
1.89 eV,* while MoO, works as a wide band gap n-type semi-
conductor (3.85 eV).*® Therefore, the built-in electric field could
be present at the heterointerface when the MoS,/MoO, p-n
heterojunction is formed. The electrostatic potentials of MoS,
and MoO, are examined, respectively, to further reveal the
electron distributions in the heterointerface. As shown in
Fig. 6a and b, MoS, demonstrates a lower Fermi level than
MoO,. Once the heterointerface is formed, these Fermi levels
tend to align. The internal electric field can promote the accu-
mulation of negative charges on the MoS, surface and positive
charges on the MoO, surface, leading to a charge transport
pathway from MoO, to MoS,. Under this electric field, Na" can
strongly adsorb on the MoS, surface due to the electrostatic
attraction between Na' and the accumulated negative charge. As
shown in Fig. 6¢, the Na" diffusion barriers in the MoO,, MoS,
and MoS,/MoO, interface were also calculated. From the
calculated results, the CNT-MoS,@Mo00,-C interface demon-
strated a lower diffusion barrier (0.24 eV), which is lower than
that of MoS, (0.33 eV) and MoO, (0.41 eV), suggesting that the
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Scheme 2 Summary of the enhanced electrochemical performance
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Na' diffusion at the interface is more favorable for faster
kinetics. In the LIBs, Jamink and Maier have proposed a “job-
sharing” mechanism in which the Li* can be stored in the solid/
solid interface. This well explains the extra Li storage at the
interface. In order to verify if the enhancement of Na* storage
can be attributed to the interfacial effect in our structure, the
Na' storage capability of the heterointerface is investigated
systematically. According to the calculated results, Na* prefer-
entially adsorbs on top of the Mo site with the E,q = 2.14 eV,
which shows stronger binding ability compared to S (E,q = 189
eV). In this configuration, Na' lies on the Mo site, and combines
with the 3 nearest S atoms in the form of Na-Mo and Na-S
bonds, respectively (Fig. 6d). Similarly, in the MoO, structure,
the most stable position is Na* adsorption on the Mo site with
E,q = 1.98 eV. The interface of MoS,/Mo0O, is engineered by the
(002) plane of MoS, and (100) plane of MoO, according to the
XRD results. Compared with the single MoS, and MoO,, the
corresponding adsorption energies of the MoS,/MoO, interface
demonstrate significant enhancement, giving an E,q = 2.89 eV,
in which Na aligns with the Mo site of MoS,. The enhancement
of the E,4 can be reasonably attributed to the synergetic effect of
introducing MoO, to construct the MoS,/MoO, interface for
additional adsorption sites for Na*. Based on the above calcu-
lated results, a reasonable mechanism is proposed to explain
the enhancement of Na" storage, as shown in Scheme 2. In our
designed interface, MoS, and MoO, act as p-type and n-type
semiconductors, respectively. Therefore, the built-in electric
field could have formed when the heterointerface was con-
structed, which could accelerate the charge separation and
migration efficiencies, promoting fast reaction kinetics. More-
over, the low barrier of interface could reduce the impedance for
charge storage further to improve rate capability. Besides
providing faster charger-transfer kinetics, the heterointerface
could offer extra sites for Na storage.

Conclusions

In conclusion, we have designed and synthesized a robust 3D
nanoarchitecture involving a N-doped carbon layer anchoring
MoS, nanosheets decorated with MoO, nanocrystals directly on
the CNT surface. The engineered nano-heterointerface between
MoS, nanosheets and MoO, nanocrystals can maximize the

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0ta03390a

Published on 11 maijs 2020. Downloaded by Boise State University Albertsons Library on 21.12.2022 17:08:53.

Paper

interfacial synergistic effect to reduce the ion transfer barrier,
promote faster reaction kinetics, and provide more active sites.
Moreover, our nanocomposite with highly conductive CNTs,
protecting carbon layers, and uniform distribution of nano-
crystals could further promote the pseudocapacitive behavior
and maintain the stability of the whole composite during the
charge/discharge cycles. These characteristics provide the CNT-
MoS,@Mo00,-C electrode with high energy density as well as
high cycling stability when used as the negative electrode for
SIBs, which are superior to all reported Mo-based negative
electrodes in SIBs. Notably, it delivered an excellent rate
capacity of 375 mAh g ' at 10 A g~ " and ultra-long cycle life over
6000 cycles at 5 A g~ '. Based on the insights on atomic heter-
ointerfaces, the present work could open a new pathway to the
rational design and fabrication of other hybrid materials for
rechargeable batteries.
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