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Developing a facile and scalable strategy to implement the controlled synthesis of electrode materials is
a huge challenge for realizing ultrafast and stable Li ion batteries. Herein, we designed and fabricate a
3D hierarchical architecture where carbon coated MoS2/MoO> hybrid on MXene was used an advanced
anode material for LIBs. The introduction of ultrafine MoO, nanoparticles helped to reduce the
aggregation of MoS> nanosheets and decrease the Li* diffusion length. The good integration of 2D/2D
composite into carbon can effectively accommodate the accompanying volume expansion and
synergistically enhance the pseudocapacitive contribution to facilitate the reaction kinetics. The
improved pseudocapacitive behavior guarantees a higher and more stable Li* ion storage performance.
When evaluated as an anode in LIBs, the as-prepared electrode demonstrate superior rate capability of
~700 mAh g at high current density of 10 A g* and outstanding cycling stability up to 800 cycles at a
current density of 1A g,

Keywords: Hierarchical structure, MoS,, Anode, Electrochemical performance, Lithium ion batteries

1. INTRODUCTION

Lithium ion batteries (LIBs) as potential power sources have been widely used for portable
electronic devices and electric vehicles. As a crucial component, anodes have a decisive impact on the
electrochemical performance of LIBs.[1-3] Therefore, exploiting advanced anode materials with fast
charge/discharge capability and cycling stability is pivotal in promoting next electric vehicles. However,
practically the current commercial graphite cannot satisfy demand for the LIBs due to its low theoretical
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capacity. Thus, various electrochemically active materials such as transition metal sulfides/oxides,[4-7]
tin,[8, 9] titanium dioxide,[10, 11] and silicon[12-14] have been explored by scientific researchers for
use in LIBs. Among these materials, 2D transition metal chalcogenide compounds (MoS:) have received
great attention in view of their relatively weak van der Waals force, high active surface, large interlayer
spacing, and abundant edges.[15-17] These extraordinary physicochemical properties can contribute to
large pseudocapacitance and fast reaction kinetics. Nevertheless, the shortcomings of 2D nanomaterials
are obvious, such as aggregation during the charge and discharge process. This will lead to the active
sites being buried in the repeat lithiation/delithiation, thereby resulting in continuous capacity fading.
Additionally, the ability of fast charge/discharge is hindered by the intrinsic poor conductivity.

It has been demonstrated that introducing pseudocapacitive charge storage in electrodes is a
promising strategy to achieve the superior rate capability by overcoming the sluggish kinetics.[17-19]
In particular, the pseudocapacitance refers to the redox reactions that occur on the surface or near-surface
of the electrode materials, which can be intrinsic or external to the material. It is essential that
constructing extrinsic pseudocapacitive materials with a tuned structure would be conducive to rapid ion
transport and fast electron transfer and been experimentally demonstrated on some ultrathin nanosheets,
ultrafine nanoparticles, nanowires, etc.[20-23] Although this method can facilitate the Kinetics with the
high pseudocapacitive behavior, the interior cycling life caused by the aggregation due to the Waals
attraction is inevitable in the repeated insertion/extraction process. In this regard, an alternative method
is decorating MoS; nanosheets with nanoparticles to moderate the surface energy and act as spacers to
stabilize the MoS, nanosheets. Recently, much effort has been devoted to engineering
MoS2/nanocomposites with special designs to partly enhance the cycling stability.[24-27] However, the
chemical bonding effect was not established, which is easily results in the collapse of composite
structures due to the very limited interface efficiency between MoS: and nanocomposites. Therefore, the
combination of 2D MoS, with pseudocapacitive nanoparticles are believed to be the promising
composite materials with maximized interface contact for enhancing the performance of MoS»-based
LIBs.

In this work, we demonstrated a hierarchical 2D-2D nanoarchitecture composed of exfoliated
MoS> nanosheets decorated with MoO- nanoparticles and 2D TizC, MXene (MXene-MoS2-Mo00O>-C).
In this unique structure, ultrafine MoO2 nanoparticles can not only seperate the MoS, nanosheets to
prevent the structural degradation but also guarantee the structural stability during the electrochemical
performance. Additionally, the polymerization of polydopamine can not only be carbonized into N-
doped carbon to enhance the conductivity of the composite materials, but can also provide the protective
shell to strengthen the interface between MoS; and MoO: against partial surface collapse. Moreover, the
addition of TisC, MXene with a metallic conducting behavior can significantly improve the electronic
conductivity of electrode and as a substrate to inhibit the agglomeration of the ultrathin MoS:
nanaosheets during the growth process. Furthermore, the as-designed architecture can create plentiful
edges and active sites, contributing to a high pseudocapacitives behavior and enabling the ultrafast
kinetics. As expected, the as-prepared MXene-MoS,-MoO,-C electrode demonstrated outstanding
cycling stability (over 800 cycling without capacity fading) and rate capability.



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220553 3
2. EXPERIMENTAL METHODS:

2.1. Preparation of MXene-MoS,-MoO2-C

TisCoTix MXene was obtained by HF etching of TisAlC> powders. Subsequently, the
(NH4)Mo,0,,-4H,0 (0.8 g) and thiourea (1.42 g) were dissolved in deionized water and

stirred vigorously to clear the solution. Then 0.12 g TisC,Tix MXene was added to the above

solution with constant stirring. Then the mixture was transferred into a Teflon-lined stainless-steel
autoclave and heated to 200 °C for 24h. The MXene-MoS; powder was collected, washed several times
with deionized water and ethanol, and dried at 80 °C in vacuum oven. After that, the as-prepared MXene-
MoS: (0.5 g) was distributed in the mixed solutions (water/ethanol=8/15) and stirred for 10 mins. Then
0.3 mg CgH12CINO> and 1.2 g H24Mo07NeO24.4H.O were added to the mixed solution. Subsequently,
ammonia at a certain concentration was added to adjust the pH value to 10 at room temperature, and
stirring was continued for 3-5 h. Finally, the precipitates were collected by centrifugation and calcined
at high temperature (700 °C ) for 2 h under argon atmosphere.

2.2. Material Characterization

The morphology and crystalline form of the as-prepared sample were characterized by scanning
electron microscops, transmission electron microscopy, and X-Ray Diffraction (Bruker with a Cu Ko X-
ray source). The elemental composition and calence state of the elements were detected by mains of X-
ray photoelectron spectroscopy. The carbon state of the sample was determined by Raman spectra.

2.3. Electrochemical Measurements

The electrochemical performances were analyzed by assembling 2032-type coin cells. The as-
prepared sample, conducting carbon, and CMC were mixed in water with a weight ratio of 8:1:1 to
prepare the working electrode. Li metal and 1 M LiPFg in the mixture of EC/DMC (1:1) with 5 wt%
FEC were used as the reference electrode and electrolyte, respectively. A constant-current cell tester
(Land) was used to test the charge-discharge performance. The CV properties were determined using
CHI605D electrochemical workstation.

3. RESULTS AND DISCUSSION

The typical fabrication process of MXene-MoS2-MoO2-C is demonstrated in the Scheme 1. The
Ti3C> MXene nanosheets were first obtained by etching TisAIC, powder in concentrated hydrofluoric
acid (HF). Then the layered MoS: nanosheets in the interlayer of the TisC, sheets are realized through a
simple hydrothermal process. Subsequently, ultrafine MoO2 nanocrystals were anchored on the MXene-
MoS: nanosheets by the dopamine-directed growth with the assistance of self-polymerization reaction.
The morphology and structure of the as-prepared composite materials were characterized by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). Typical 2D Ti3C; sheets with
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a size of several microns are shown in Fig. 1. The layer spacing of TisC, sheets becomes larger after
etching by hundreds of nanometers, which provides a good space to accommodate the MoS; nanosheets.
From Fig. 2 a, it can be found that the MoS, nanosheets are uniformly anchored on the both sides of
TizC2 MXene.
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Figure 1 SEM images of MXene a) before etching and b) after etching

After coating with the MoO»-carbon layer (Fig.2b), the hierarchical 2D structure of MoS; is still
preserved well in the MXene-Mo0S2-Mo0O2-C composite, which is similar to that of MXene-MoSz. The
TEM image reveals that the MoS, nanosheets are fully covered with MoO2 nanocrystals, which
demonstrates the successful growth of the ultrafine MoO nanopartices. The introduction of MoO> on
the MoS; surface can effectively avoid the MoS: nanosheets stacks in the subsequent repeated
charge/discharge process. To further confirm the structure of the MXene-MoS,-MoO,-C, high-
resolution TEM (HRTEM) was performed. As shown in Fig. 2d, the interlayer spacing of 0.92 nm is
detected, which is larger than that of typical MoS nanosheets (0.63 nm). The enlarged interlayer space
is mainly ascribed to the intercalation of polydopamine in the process of introducing MoO>. The element
distribution in as-prepared MXene-MoS>-Mo0O.-C sample is detected by EDX elemental mapping (Fig.
2e). It can be clearly seen that the C, Mo, O, S, and Ti elements are well dispersed in the sample,
indicating the successful manufacture of MXene-MoS2-MoO>-C.
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Figure 2. a) SEM image of MXene-MoS, b) SEM image, c-d) TEM images, and e) elemental mapping
of the as-prepared MXene-MoS2-Mo0O,-C

The crystal structure and surface chemical state of MXene-MoS,-MoO.-C were investigated by
X-ray powder diffraction (XRD) and X-ray photoelectron spectra (XPS). From the XRD patterns Fig.
4a), the characteristic peaks could be well indexed to 2H-MoS> (JCPDS No. 37-1492) and MoO- (JCPDS
No. 73-1807). No obvious TisC, MXene peaks are detected, the possible explanation may be that the
diffraction peaks of TisC2 were overlaid by other peaks. The peaks located at 12.8°, 34.1° 39.8° 55.4°,
and 58.9° can be ascribed to the (002), (102), (103), (106), and (110) planes of MoS,, respectively.
Notably, the peaks of (002) shifts to a small angele, indicating the enlarged interlayer distance due to the
introduction of MoO> nanocrystals.[28] This result is in good agreement with the above HRTEM
analysis. The XPS spectrum of MXene-Mo0S2-Mo0O.-C composite is shown in Fig. 3a, it exhibits the
existence of C, O, Mo, S, N, and Ti elements. Fig. 4b shows the high resolution of Mo 3d spectrum, the
corresponding peaks at binding energies of 229.5 and 232.9 eV can be attributed to the Mo 3ds;2 and Mo
3ds2 of Mo** in MoS,, respectively.[29] Additionally, there are two peaks located at binding energies of
230 and 233.1 eV, which can be explained by the Mo** of MoO,. The small peak at 236.9 eV cossespond
to the Mo®", which resulted from the formation of Mo-O-C bonds between the N-doped carbon and
Mo00,.[30] The formation of this bond can strengthen the stability of the MXene-Mo0S;-MoO>-C
composite to achieve the high electrochemical performance. The high resolution of S 2p (Figure 4c) can
be fitted into two peaks at binding energies of 162.2 and 163.3 eV corresponding to the S 2py2 and S
2p32, respectively. The high resolution of O 1s (Fig. 4d) consists of three peaks, specially, the strong
peak located at binding energy of 531.8 eV can be assigned to the Mo-O band, while the relatively weak
peaks at binding energy of 530.6 and 533.8 eV attributed to the C-O and H-O bonds, respectively.
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Figure 3. a) XPS spectrum, and b) Raman spectrum of MXene-MoS,-MoO,-C
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Figure 4. XRD patterns, and b-e) high-resolution XPS spectra of Mo 3d, S 2p, O 1s, and C 1s in the
MXene-MoSz2-Mo0O2-C
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Three peaks at approximately of 284.4, 285.7, and 287.9 eV can be observed in the resolution of
Cls (Fig. 4e), which can be attributed to the C-C, C-O, and C=0O bonds, respectively. Raman
spectroscopy was performed to examine the carbon state of the MXene-MoS2-MoO2-C. As shown in
Fig. 3b, three obvious peaks are located at 1378 and 1598 cm™, which are the characteristic diffraction
of D band (disordered carbon) and G band (graphitic carbon), respectively. The intensity of I/l reflects
the degree of crystallinity of carbon materials.[31] The Ip/lc of MXene-Mo0S2-Mo00O»-C is 1.28, which
demonstrates the structural disorder and defects in carbon.

The lithium storage performance of the as-prepared MXene-MoS;-MoO,-C electrode was
evaluated by assembly into 2032 coin-type half cells. The charge/discharge profiles of the MXene-MoS;-
MoO.-C electrode at current of 1 A g are shown in the Fig. 5. During the first cycle process, the
electrode delivered the discharge specific capacity of 1310 mAh g* and charge specific capacity of 918
mAh g, corresponding to an initial Coloumbic efficiency (ICE) of 70%. The irreversible capacity
during the first cycle process is mainly caused by the formation of an irreversible solid electrolyte
interphase (SEI) film on the surface of MXene-MoS>-Mo00O>-C electrode.[32] Furthermore, the CE
increased quickly to 89% from the second cycle and remained stable at ~99% in the following cycles.
When the electrode cycled for 50 cycles, the charge/discharge profiles were almost unchanged,
demonstrating the good stability of MXene-MoS2-MoO>-C electrode.
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Figure 5. a) Charge/discharge profiles of MXene-MoS2-MoO,-C electrode, b) Rate capability of
MXene-MoS2-Mo0-,-C and Mxene-MoS; electrodes, and c) the long-term cycling performance
of MXene-MoS2-MoO,-C electrode at current of 1 A g2,
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The rate capability of MXene-Mo0S2-MoO>-C electrode was explored at varying current densities
from 0.2 to 10 A g*. From the Fig. 5b, the MXene-MoS,-MoO,-C electrode delivered specific capacity
of 1080, 902, and 813 mAh g at current density of 0.2, 1, and 2 A g}, respectively. Even at high current
density of 5and 10 A g%, high specific capacities of 743 and 685 mAh g still can be reached for MXene-
MoS,-MoO,-C electrode. When the current comeback to the initial 0.2 A g™, the specific capacity of
MXene-MoS,-MoO,-C electrode can return to the ~1000 mAh g*. Such results illustrate that the
MXene-MoS,-Mo0O>-C electrode possess good rate capability and can tolerate fast charge/discharge
process. Meantime, the rate capability of MXene-MoS: electrode was also evaluated as comparison. The
MXene-MoS; electrode only exhibited 823 and 716 mAh g at current of 0.2 and 1 A g%, respectively,
which are lower than those of MXene-Mo0S2-Mo0O:-C electrode. In addition to the rate capability, the
long-term cycling stability is a key point to the application of LIBs. The cycling performance of MXene-
MoS,-MoO,-C electrode is evaluated at current of 1 A g, as shown in Fig. 5¢c. The capacity remains
good well during the whole cycling without obvious capacity fading. After 800 cycles, the MXene-
MoS2-MoO,-C electrode still maintains a high capacity of ~800 mAh g%, showing the excellent cycling
stability. Based on the above discussion, the MXene-MoS,-MoO>-C electrode exhibits a comprehensive
excellent electrochemical performance, which can be due to the structural strength and fast ion transfer
rate. The comparision of the as-prepared electrode with reported literatures in Table 1.

The lithium storage mechanism was investigated by cyclic voltage (CV) at a scan rate of 0.1 mV
s, The initial five CV curves of the MXene-MoS,-MoO,-C electrode at a potential of 0.01~3 V are
shown in Fig. 6a. In the first cathodic process, there are two reduction peaks located at 1.48 V and 0.65
V, which can be attributed to the insertion of lithium ions into MoS; to form LixMoS; and the conversion
of LixMoS: into metallic Mo and formation of SEI, respectively.[33, 34] For the initial anodic process,
the oxidation peak at 1.28 V can be observed, which is due to the oxidation of Mo to MoS.. The other
peak at 2.18 V related to the extraction of Li* from Li.S. During the subsequent reduction scan, the two
new peaks located at 1.8 and 1.18 V appear, which can be ascribed to the reduction of S and Mo,
respectively.[35-36] The shift of the cathodic peaks can be explained by the formation of SEI film during
the initial cathodic scan. From the second scan process, the subsequent CV curves nearly overlap,
illustrating the excellent reaction reversibility of as-prepared MXene-MoS2-MoO,-C electrode. The
electrochemical kinetics of MXene-MoS2-MoO>-C electrode were further explored by the CV curves at
different scan rates from 0.1 to 2 mV s™. As shown in Fig. 6b, all curves maintain a similar shape with
increasing of scan rate. The lithium ion storage mechanism can be separated into interaction process and
surface pesudocapactive process. The relationship between measured current (i) and scan rates (v) can
be described by the following equation[37]:

i=aw’

where a and b are the adjustable values. In particular, the value of b can be calculated
from the slope of log i vs. log v plots. When the value of b is 1, it represents the charge storage
is totally controlled by the capacitive behavior. The b value of 0.5 indicates that the diffusion
behavior dominates the charge storage process. It can be seen from Fig. 6¢ shows that the b value
is higher than 0.8 during the whole anodic process, indicating that the Li* insertion is mainly
affected by the capacitive process for the fast kinetics. In addition, the capacitive contribution to
the whole process can be quantitatively analysed by the following equation[38]:
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i=kv+ k2v1’2

where the kv and kov'?

significant reason for the impressive rate capability.
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Figure 6. Figure 4. a) CV curves at 0.1 mV s of MXene-Mo0S;-Mo0O,-C electrode, b) CV curves at
different scan rates from 0.1 to 2 mV s-! of MXene-MoS,-MoO,-C electrode, c) the b-value at
different corresponding voltage MXene-Mo0S2-Mo002-C electrode,
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Table 1. Comparision of the as-perpared electrode in this paper with reported literatures.

Samples

Rate

Cycling performance

MXene-MoS;-MoO2-C

685 mAhgtat10 Ag?

100% capacity retention
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after 800 cyclesat 1 A gt

CNT@MoS2 NSs [39] 473 mAhgtat10 Ag? 82% capacity retention

after 60 cycles at 0.1 A gt

MoS2 NSs/CNP[40] 678 mAhglat10 Ag? 100% capacity retention

after 100 cyclesat 0.1 A g
1

C@MoS; MS[32] 486 mAhglatl1Ag? 80% capacity retention

after 50 cycles at 0.1 A g*

MoS,@TiO; hybrid[41] 523 mAhgtat1Ag? 60% capacity retention

after 50 cycles at 0.1 A gt

TiO2 MoS; nanohybrid[42] | 433 mAhglat1Ag? 70% capacity retention

after 100 cyclesat 0.1 A g
1

4. CONCLUSION

In conclusion, we designed and constructed ultrafine MoO. nanoparticles decorated MoS;
naonosheets, incorporating N-doped carbon grown on TizC, MXene sheets, by a hydrothermal and self-
polymerization method. First, the N-doped carbon not only can enhance the conductivity of the electrode,
but can also play an important role in maintain the structural integrity; in addition, the ultrafine MoO>
nanoparticles can effectively avoid the aggregation of 2D MoS; nanosheets during the repeated
charge/discharge process and reduce the ion diffusion length to facilitate the ion transport; moreover,
the synergetic effect and enhance pseudocapacitive of the 3D hierarchical structure can enable the rapid
ions/electrons transfer and improve the reaction kinetics. Benefitting from the unique 3D structure, the
as-prepared MXene-MoS>-Mo00O,-C electrode exhibited excellent rate capabilities and good cycling
stability when used as the anode in LIBs. This work may provide a successful route for designing
advanced electrode materials for high-rate and long-life LIBs.
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