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Abstract: MoS2, a typical transition metal dichalcogenide (TMDs), inheriting high theoretical capacity,
open framework and unique electrochemical properties, is regarded as a promising electrode material.
However, the low electronic conductivity and slow chemical kinetics of two-dimensional (2D) MoS2

lamellars, along with the large volume expansion during cycling hinder their application in Li-
ion batteries. MXene inherits the strengths of excellent metallic conductivity, a low lithium-ion
diffusion potential barrier and superior mechanical stability; however, its low reversible capacity
and self-stacking problems as anode still need to be solved. Herein, the MXene Ti3C2Tx compound
with MoS2 through a simple one-step hydrothermal reaction is introduced. The introduction of
nitrogen-doped Ti3C2Tx can effectively restrain the volume change of MoS2 and ameliorate the
electronic conductivity of the whole electrode, while MoS2 can alleviate the self-stacking of Ti3C2Tx

during cycling. The as-prepared MoS2/MXene electrode delivers an initial discharge capacity of
1087 mA h g−1 with an initial Coulombic efficiency (ICE) of 81.6% at 100 mA g−1, and a specific
discharge capacity of 731 mA h g−1 can be retained after 100 cycles. The excellent electrochemical
performance demonstrates that nitrogen-doped MoS2/MXene can be a potential electrode material
for Li-ion batteries.

Keywords: 2D materials; anode; MoS2; MXene; lithium-ion batteries

1. Introduction

With the increasing energy demand, the exploration of new energy storage materials
is pushing forward as well. Lithium-ion batteries (LIBs), as dominant power sources for
portable electronic devices and electric/hybrid vehicles, are urgently required to develop a
new generation of electrode materials to meet the growing demand. Anode materials play
an important role in the practical application of lithium-ion batteries. Among the various
anode materials, commercialized carbon materials have low specific capacity and poor
compatibility with electrolytes, which limits their application in power battery materials,
while other anode materials, including metal oxides (MOs), metal sulfides (MSs) and many
other alloy-based anode materials (Sn, Si and Ti) with high specific capacities are good
candidates for lithium storage [1–6].

Since the discovery of graphene in 2004, 2D materials composed of a single layer of
atoms have caught significant concern. They possess unique electrical, optical as well as
mechanical properties, such as high electroconductivity, good flexibility and strength, which
are promising characteristics for the usage of energy storage systems. MXenes, as a new type
of two-dimensional material, have attracted more and more attention as electrode material
for energy storage. MXenes are 2D transition metal carbides or nitrides (Mn+1XnTx) deriving
from ternary MAX phase (Mn+1AXn) in which M represents the early transition metals (Sc,
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Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, etc.); A symbolizes mainly group IIIA elements; n = 1–3; X is
nitrogen and/or carbon; and Tx represents the surface terminations (OH, O or F) [7]. The
metallic nature of the transition metal (e.g., Ti) atoms implanted between the layers of carbon
atoms endows MXenes with excellent electroconductivity [8–12]. Additionally, it is facile for
polar organic molecules and metal ions to intercalate into its host structure because of the
open channels provided by MXenes, thus forming composites with other materials to enhance
their energy storage properties. However, their application prospects still need to be further
explored due to the shortcomings of easy oxidation, low reversible capacity and self-stacking.

Transition metal dichalcogenides (TMDs) with graphene-like layer structure and ex-
cellent physicochemical properties, such as ultra-thin layer spacing, huge specific surface
area, abundant edge sites, good chemical stability and adjustable forbidden band width,
have drawn wide attention in the fields of optoelectronic devices, photocatalysts, energy
storage and supercapacitors, etc. Compared to their metal oxide (MOs) counterparts, TMDs
are expected to exhibit better mechanical stability due to their smaller volume expansion,
higher initial Coulomb efficiency (ICE) and great reversibility [13–16]. Furthermore, the
discharge product of MSs (Li2S) has better electrical conductivity than that of MOs (Li2O),
and the M–S bond in MSs is weaker than the M–O bond in MOs, which may be kinetically
favorable for the conversion reaction [17]. As a result, more and more attention is being
focused on the design and study of the electrochemical properties of MSs. As a represen-
tative of transition metal dichalcogenides, molybdenum disulfide (MoS2) with a layered
S-Mo-S sandwich structure possesses abundant ion storage sites [18–20] and high lithium
storage capacity (~670 mA h g−1) [21], all of which are regarded as superior properties
for energy storage application. However, the low conductivity, huge volume changes and
morphology collapse of MoS2 during electrochemical process hinder its application in prac-
tical energy storage. Interfacial modulation and combination with conductive substrates
are effective strategies to optimize the electronic properties of MoS2 [22–24]. In addition,
construction MoS2-based composite structures or introducing heteroatomic doping (N,
S, P, etc.) to MoS2 can ameliorate the chemical reaction kinetics through interlayer inter-
actions and increase the conductivity of MoS2 [25–28]. Chen et al. [29] synthesized 2D
MoS2-on-MXene heterostructures as anode materials for lithium-ion batteries by in situ
sulfidation of Mo2TiC2Tx MXene. As electrode for LIBs, a specific capacity of 509 mA h
g−1 still can be realized after 100 cycles at a current density of 100 mA g−1. Hu et al. [30]
prepared MoS2/MXene hybrids using freeze-drying and a subsequent thermal process.
When it is the electrode for lithium-ion batteries, it remains at a capacity of 835.1 mA h g−1

after 110 cycles at 0.5 A g−1. However, these methods require harsh reaction conditions.
Moreover, the synthetic steps are not particularly concise. In addition, many enlightening
works have been conducted by researchers in heteroatom doping. Xu et al. [31] fabricated
series 2D MoS2 @N-doped graphene composites by a straightforward solvothermal strategy.
When as the anode for sodium ion batteries, a reversible specific capacity of 141 mA h g−1

under 12.8 A g−1 can be obtained. Li et al. [32] obtained MoS2/nitrogen-doped carbon
nanorods by a polyethyleneimine (PEI)-guided hydrothermal method and subsequent
calcination process. The corresponding electrode shows a reversible capacity of 397.3 mA h
g−1 after 100 cycles at 0.1 A for sodium-ion batteries.

Based on the above experience, we generated MoS2 in situ grown on the MXene
layers (MoS2/MXene) by using a facile hydrothermal reaction. On the one hand, the highly
conductive network of the as-prepared MoS2/MXene composite can slow down the volume
expansion of MoS2 during the cycling process, facilitate the diffusion of electrons and ions,
and improves the electrochemical properties of the entire electrode. On the other hand,
MoS2 can inhibit the re-stacking of MXene, and thus the two complement each other to make
up for each other’s deficiencies. This synergistic effect and the nitrogen doping endow the
MoS2/MXene composite with strong mechanical stability and electrochemical properties.
Meanwhile, the as-prepared stable 3D conductive network can suppress the volume change
of MoS2 during cycling. Based on all of the above advantages, excellent electrochemical
performance can be anticipated. The obtained MoS2/MXene electrode exhibit excellent
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cycling stability: the initial charging/ discharging capacities of MoS2/MXene electrode
at 100 mA g−1 are 887 and 1087 mA h g−1, respectively, with ICE of 81.6%. Meanwhile, a
discharge capacity of 731 mA h g−1 with Coulombic efficiency of 99% can be maintained
after 100 cycles.

2. Materials and Methods

The source/manufacturer of materials used in the study are shown in Table S1.

2.1. Preparation of MAX Precursor (Ti3AlC2)

Ti3AlC2 solid particles were fabricated by the molten salt technique. TiC, Ti, Al, NaCl
and KCl were firstly added to the mortar in the molar ratio of 2:1:1.1:4:4 and ground for
30 min and then transferred it to a furnace calcinated at 1100 ◦C for 3 h in Ar atmosphere
with a heating rate of 4 ◦C min−1. The reaction products were ground for 1 h to a fine
powder at room temperature, and then the residual NaCl and KCl were removed by
deionized water and dried overnight (80 ◦C). The final MAX precursor was stored in a
desiccator before use.

2.2. Preparation of MXene from MAX Precursor (f-Ti3C2Tx)

Briefly, 2 g LiF was added to 20 mL (9 M) of hydrochloric acid under stirring for
30 min, followed by the slow addition of 2 g MAX precursor. The etching process occurred
in a poly tetra fluoroethylene (PTFE) reactor for 24 h at the temperature of 37 ◦C with a
controlled speed (400 rpm) and washed with deionized water (4000 rpm, 10 min) until the
pH > 6. Then, ethanol pre-infused with argon was added for ultrasonic intercalation for 1 h.
The precipitate was then added to the deionized water for centrifugation, and the upper
layer of solution was stored at 5 ◦C.

2.3. Preparation of MoS2/MXene

A certain mass of MXene was dispersed in 20 mL of ethylene glycol (EG) and labeled
as solution A. A certain mass (20, 60, 80, 100 mg) of MoCl5 was dispersed in 20 mL of EG
labeled as solution B, which was added to solution A with vigorous stirring and protected
by argon gas and stirred for 24 h. Thioacetamide (TAA) with equal mass of MoCl5 was
added to above reaction solution and then stirred for 10 min. After that, it was transferred
to Teflon-lined reactor at 160 ◦C for 12 h. When the reactor cooled at room temperature,
the precipitate was collected by filtration. The precipitate was washed by deionized water
and ethanol, and the product was dried overnight at 80 ◦C under vacuum. Finally, the
dried samples were transferred to a tube reactor filled with argon and calcined at 220 ◦C
for 4 h (at a heating rate of 5 ◦C min−1). At the same time, the N element released by the
decomposition of thioacetamide was doped into the MoS2/MXene framework during the
reaction. For comparison, the products with different mass ratios of MoCl5 and MXene
were prepared (MoS2/MXene-x:1 (x = 2, 3, 4, 5). Note: The MoS2/MXene-4:1 marked as
(MoS2/MXene), and the samples without MXene were also prepared (MoS2).

2.4. Characterization

The materials synthesized in this article were studied by scanning electron microscope
(SEM) and transmission electron microscope (TEM) for their microscopic morphological
characteristics and elemental distribution. X-ray diffraction (XRD) was used to charac-
terize the components and crystal structure of the materials by collecting signals with
2θ range of 3–70 ◦ using a Cu-Kα radiation source (wavelength 0.154 nm). The nitrogen
adsorption/desorption isotherms curves and the pore-size distribution of materials were
determined by means of BET tests (BET is an acronym for three scientists (Brunauer, Em-
mett and Teller)). Fourier transform infrared spectroscopy (FTIR) was used to qualitatively
analyze the material and complement the structure of the material. X-ray photoelectron
spectroscopy (XPS) analyzed the chemical valence of the material surface. Inductively
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coupled plasma mass spectrometry (ICP-MS) quantified the proportion of elements in the
synthesized material.

2.5. Electrochemical Measurement

The materials in this article were subsequently tested by assembling as CR 2032 button
half-cells in Ar-filled glove box. The active material, acetylene black and Carboxymethyl
Cellulose (CMC) were blended in deionized water at a mass ratio of 7:2:1 and applied
to the copper foil and then dried under vacuum at 80 ◦C overnight. The average mass
loading of the electrodes is about 1 mg cm−2. Celgard-2400 separator was utilized to
separate electrodes, and a fresh lithium sheet was applied as the counter electrode. The
electrolyte was 1 M LiPF6 dissolved in ethylene carbonate (EC) + diethyl carbonate (DEC)
(1:1 Vol%). The voltage range was 0.01–3.0 V. The cycling and rate performance as well as
Galvanostatic Intermittent Titration Technique (GITT) test were studied in the NEWARE
battery test system. CHI 660E was used to test the cyclic voltammetry (CV) curve and
electrochemical impedance spectroscopy (EIS) impedance analysis.

3. Results and Discussion

The schematic fabrication process of the MoS2/MXene material is illustrated in
Figure 1a. Firstly, the MAX phase precursor (Ti3AlC2) was prepared by molten salt method
and chemically etching Al in Ti3AlC2 to prepare Ti3C2Tx MXene nanosheets. The Ti3AlC2
shows typical micron-sized powders [33]. After etching treatment, the obtained MXene
shows several thin flakes (Figures S1 and S2). Meanwhile, MoS2/MXene composites were
obtained by a typical solvothermal reaction, in which MoS2 was in situ generated on the
surface of MXene, and the N element released from decomposition of thioacetamide (TAA)
can be doped into the MoS2/MXene framework during the reaction process. Figure 1b
shows the SEM image of the pristine MoS2, which presents nanomicrosphere structures
(100–200 nm) with tiny protrusions on the surface [34,35]. Figure 1c displays high-resolution
transmission electron microscope image of the as-prepared MXene, and it can be seen that
the layer spacing (d = 1.32 nm) of the few-layer MXene is identified with that previously
reported work, indicating the successful synthesis of the material. Figure 1d exhibits the
SEM image of the synthesized MoS2/MXene. After the introduction of MXene, the MoS2
nanomicrospheres were uniformly grown on the surface MXene, which offers a good trans-
port pathway for electrons and ions. On the other hand, the layered lamellar structure of
MXene wraps around MoS2, which can suppress the volume expansion of MoS2 during
cycling process. Figure 1e–f displays the TEM image of MoS2/MXene, and we can observe
that MXene tightly wraps around MoS2 to form a stable composite structure, and obvious
folds can be observed around MoS2, implying that MoS2 is not simply attached to the
MXene surface, and the inset selected area electron diffraction (SAED) shows obvious
diffraction loops, further proving the presence of MoS2. Notably, the MXene surface of
the composite is not smooth compared to the pure MXene sheet, which may be due to
the slight oxidation of the MXene surface. Four layers of MXene can be observed by high
resolution transmission electron microscope (HRTEM) in Figure 1g, and their layer spacing
(d = 1.48 nm) is increased compared to the 1.32 nm of the less-layered MXene in Figure 1d,
indicating the existence of ions insert between the MXene layers during the solvothermal
process, which is beneficial for lithium storage. Figure 1h–l shows mapping images of
MoS2/MXene. The distribution of Mo and S elements, and the surrounding uniformly
distributed Ti, C and O elements correspond to MXene can be observed; meanwhile, the N
element can be observed, which originates from the decomposition of thioacetamide.
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Figure 1. (a) Schematic diagram of the synthesis process of MoS2/MXene. (b) SEM images of MoS2;
(c) HRTEM images of MXene; (d) SEM images of MoS2/MXene; (e–f) TEM images of MoS2/MXene,
where inset (f) is SEAD pattern of MoS2/MXene; (g) HRTEM images of MXene in the MoS2/MXene
composite, where inset is its HRTEM image at higher magnification; (h–m) elemental mapping of
MoS2/MXene.

Figure 2a illustrates the XRD plots of MoS2/MXene composites with different ratios,
showing that the different MoS2 content does not significantly affect the XRD, and the (003)
crystal plane of MoS2 at 14.4◦ is still retained. In addition, the (002) crystallographic plane
of MXene in the composite is biased to a smaller angle, indicating an increase in the MXene
layer spacing, which is identified with the TEM plots. Notably, the peak at around 2θ = 25◦

corresponds to TiO2, indicating a slight oxidation of MXene during the hydrothermal
reaction. Meanwhile, the synthesized MAX and MoS2 are identified with the standard card,
indicating the successful synthesis of them, and the (002) plane of the prepared MXene is
shifted from 9.38◦ to a smaller 6.52◦ after etching, implying an expanded layer spacing
(d = 1.36 nm) for the layered MXene calculated by the Bragg equation, which matches the
HRTEM image in Figure 1c (Figures S3 and S4). Figures S5 and 2b show Raman spectra of
the MXene, MoS2 and MoS2/MXene composites. As for the Raman spectrum of MXene
(Figure S5), the region between 230 and 470 cm−1 indicates the in-plane (Eg) vibrations of
the surface groups attached to the titanium atoms; the region between 580 and 730 cm−1 can
be assigned mainly to carbon vibrations (Eg and A1g), which further confirms the successful
etching of MXene. As for MoS2 and MoS2/MXene composites (Figure 2b), two typical peaks
at around 400 cm−1 belong to the E12g and A1g vibrational modes of MoS2 [36]. The distinct
D band and G band can be observed around 1350 cm−1 and 1550 cm−1, which belong to the
defects of the carbon-based material and the vibrations of the sp2 hybridized carbon atoms,
respectively. Clear shifts can be detected of the D band and G band of the MoS2/MXene
composites towards the higher energy regions, demonstrating the recovery of the conjugate
structure after the nitrogen atoms incorporated into the lattice of MXene [37]. In addition,
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the intensity ratios (ID/IG) of MoS2 and MoS2/MXene are 0.86 and 0.92, respectively,
suggesting the existence of a great number of defects and vacancies in the MoS2/MXene
material, which facilitates the lithium-ion diffusion and also provides sufficient space for
the storage of lithium ions. The FTIR spectra of MXene/MoS2 are presented in Figure S6,
the peaks near 580 cm−1 and 1100 cm−1 could be assigned to the stretching vibrations
of Ti–C and C–O bonds, respectively, caused by the characteristic structure of Ti3C2. In
addition, the peaks at 700–900 cm−1 are attributed to the Ti–O–Mo bond. Additionally,
the peak near 615 cm−1 corresponds to the vibrational absorption peak of the S–S bond
of MoS2. It can be concluded that MoS2 behaves in a strong interaction with MXene and
realizes stable constructions of the as-prepared MXene/MoS2 composite. Furthermore, the
chemical valence state of the MoS2/MXene material surface was investigated by means of
XPS. From the full spectrum (Figure 2c), the elements of O, Ti, Mo, C and S elements can
be detected, and trace amounts of N elements are also observed. Additionally, as shown
in Figure S7a, F, O, Ti, C and Cl are clearly detected in the XPS spectrum of MXene. The
presence of Cl may come from the molten salt process. Furthermore, in the high-resolution
Mo 3d spectrum of MXene/MoS2 composite (Figure 2d), two distinct peaks in pure MoS2
at 229.1 eV (Mo 3d5/2) and 232.2 eV (Mo 3d3/2) can be ascribed to Mo4+. In addition, the
peak near 235.5 eV is attributed to Mo6+ (oxidation of the MoS2 surface). The peak at
226.3 eV is attributed to the Mo–S bond. Correspondingly, in the MoS2/MXene composite,
in addition to the four peaks mentioned above, the peaks at 230.4 and 233.3 eV are ascribed
to Mo 3d5/2 and Mo 3d3/2, respectively, suggesting that Mo–S–C and Mo–O–C bonds
are formed. These bonds enhance the interaction of MoS2 and MXene and enhance the
structural stability of the material during cycling. The high-resolution spectrum of Ti 2p in
Figure 2e contains peaks associated with Ti–O (sp1), Ti2+ (2p1/2), Ti–C, Ti–O (sp3), Ti–N
and Ti–S. And it is noteworthy that the two peaks at 456.7 and 455.6 eV correspond to
Ti–N and Ti–S bonds, respectively [38,39], indicating that MoS2 is firmly anchored to the
surface of MXene through the Ti-S bond, which strengthens the structural stability of the
material. Additionally, the presence of Ti–N bonds indicates the successful doping of N
elements. The peaks at 533.6, 532.1 and 530.4 eV in the O 1s high-resolution spectrum
(Figure 2f) are attributed to C–Ti-(OH)x, C–Ti/Mo–Ox and Ti–O bonds, respectively. The N
1s high-resolution spectrum in Figure 2g has four peaks. The peaks at 397.2 and 399.8 eV
are attributed to pyridine nitrogen and pyrrole nitrogen, respectively, and the strong peak
at 395.1 eV is attributed to Mo 3p3/2. The peak at 396.1 eV corresponds to the Ti–N
bond, which coincides with the Ti 2p fine spectrum, and nitrogen doping can improve the
electrochemical performance of the material [40]. In addition, the atomic percentages of the
individual elemental content of the materials analyzed by XPS data are shown in Table S2.
The masses of Mo, S and Ti elements in the synthesized materials were also quantified
by ICP-MS (Table S3). Meanwhile, the MoS2/MXene displays a specific surface area of
41.67 m2 g−1 and pore size mainly distributed between 2 and 5 nm (Figure S8). The large
specific surface area combined with rich mesopores facilitates the ion transportation and
electrolyte diffusion.

The electrochemical performance was evaluated by a half-cell system. Figure 3a
illustrates the CV curves of MoS2/MXene in the first three cycles at 0.1 mV s−1 scanning
rate and in a voltage range of 0.01 to 3.0 V (vs. Li+/Li) for the study of the lithium
ion lithiation/de-lithiation behavior. Within the initial cathodic scan curve, the peaks
at 0.5–1.0 V are attributed to the formation of LixMoS2 in the Li+ intercalated into the
MoS2 and Li+ intercalated into the MXene interlayer to form LiyTi3C2Tx, along with the
generation of solid electrolyte interphase (SEI) film, and the peak at around 1.9 V is probably
attributed to the reduction of LixMoS2 to Mo and Li2S. The reduction peak at 0.01 V is
attributed to the electrochemical decomposition of MoS2, resulting in the intercalation of
Mo metal into Li2S. Within the initial anodic scan curve, the peak around 1.6 V is attributed
to the oxidation of Mo and the de-intercalating of Li+ between MXene layers, while the
peak at ~2.3 V relates to the de-lithiating of Li2S [41]. In the two subsequent cycles, the
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CV curves nearly overlap, suggesting a stable structure of the electrode. The relevant
electrochemical reaction equations are shown in equations as follows:

Ti3C2Tx + yLi+ + ye− ↔ LiyTi3C2Tx (1)

MoS2 + xLi+ + xe− ↔ Lix MoS2# (2)

Lix MoS2 + (4− x)Li+ + (4− x)e− ↔ 2Li2S + Mo (3)
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Figure 2. (a) XRD patterns of MoS2/MXene−x:1 (x = 2, 3, 4, 5) and MXene; (b) Raman spectra
of MoS2/MXene composites and MoS2; (c) XPS full spectra of MoS2/MXene, MoS2 and MXene;
high-resolution (d) Mo 3d XPS spectra of MoS2 and MoS2/MXene; high-resolution (e) Ti 2p (f) O 1s
and (g) N 1s XPS spectra of MoS2/MXene.
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Figure 3. (a) CV curves of MoS2/MXene at the scan rate of 0.1 mV s−1; (b) charge/discharge profiles
of MoS2/MXene at 100 mA g−1; (c) cycling performance of MoS2, MXene and MoS2/MXene−x:1
(x = 2, 3, 4, 5) at 100 mA g−1; (d) rate performance of MoS2, MXene and MoS2/MXene−x:1 (x = 2, 3,
4, 5) at different current densities (100, 200, 500, 1000 and 2000 mA g−1); (e) charge/discharge profiles
of MoS2/MXene electrode at different current densities; (f) comparison of the capacity retention of
as-prepared MoS2/MXene with other related materials.

The corresponding charge/discharge profiles for different cycle times at 100 mA g−1

are illustrated in Figure 3b. The plateaus of 1.37 and 1.8 V for the discharge process
relate to the formation of LixMoS2 and Li2S, while the plateaus of 1.6 and 2.3 V for the
charging process are equivalent to the oxidation of Mo or the de-lithiation of LiyTi3C2Tx
and Li2S, which is in line with the results of the CV curves. The initial Coulombic efficiency
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(ICE) of the material was calculated to be 81.60%, which was far superior to pure MoS2
and MXene, followed by a Coulombic efficiency of 96.24% in the second cycle, and it
was able to maintain a high Coulombic efficiency in the subsequent cycles (98.99% at
50 cycles and 99.36% at 100 cycles). In addition, the composite has a low capacity decay
rate and good cycling performance with charge/discharge capacities of 719/731 mA h g−1,
respectively, after 100 cycles. The lower Coulombic efficiency in the first cycle may be due
to irreversible capacity decay and the decomposition of electrolytes for SEI. The cycling
performance of the MoS2/MXene electrode and the counterparts with different MoS2
and MXene ratios at 100 mA g−1 was investigated (Figure 3c). It can be found that the
MXene with unique structure delivers a very stable cycling performance (maintaining
94% capacity retention compared to the third cycle after 100 cycles). Pure MoS2 electrode
behaves with a first discharge capacity of 1261 mA h g−1, but the discharge capacity
drops to 588 mA h g−1 after 100 cycles. This could be attributed to the structural collapse
caused by the volume expansion during the charging and discharging process. When
incorporating with MXene, the volume expansion problem can be alleviated, and thus the
cycling stability can be enhanced. All electrodes show capacity decay in the first 20 cycles,
which could be due to the formation of SEI film. Among different compositions, the
MoS2/MXene electrode behaves the best cycling stability, retaining a discharge capacity of
731 mA h g−1 after 100 cycles and having a Coulombic efficiency of approximately 99%.
In comparison, the MoS2/MXene-2:1, MoS2/MXene-3:1 and MoS2/MXene-5:1 electrodes
retain reversible capacities of 534 mA h g−1, 704 mA h g−1 and 691 mA h g−1, respectively.
For the MoS2/MXene-2:1 and MoS2/MXene-3:1 electrodes, the cycling stability of the
materials was improved compared to the pristine MoS2, but the capacities were lower due
to the large proportion of MXene content, while the capacity decay was more serious for
MoS2/MXene-5:1, probably due to the high MoS2 content, meaning the active material
would accumulate and agglomerate on the MXene surface. By the above comparison, the
electrode MoS2/MXene with the ratio of 4:1 behaves with the most excellent electrochemical
properties. Moreover, the electrochemical properties of the MXene was studied (Figure S9),
and it delivers a first discharge capacity of 355 mA h g−1 with initial Coulombic efficiency
of only 40%. Additionally, the rate performance of these electrodes was also investigated at
different current densities (Figure 3d). The capacity of MoS2/MXene at current densities of
100, 200, 500, 1000 and 2000 mA g−1 were 834 mA h g−1 (3rd cycle), 778 mA h g−1 (13th
cycle), 713 mA h g−1 (23rd cycle), 655 mA h g−1 (33rd cycle) and 526 mA h g−1 (43rd cycle),
respectively, and when the current density backed to 100 mA g−1 again, the capacity could
be retained at 852 mA h g−1 (83rd cycle). Clearly, the capacities of the MoS2/MXene-2:1
and MoS2/MXene-3:1 electrodes at different current densities were higher than those
of pure MoS2 electrode under the same conditions. For MoS2/MXene-5:1, although the
reversible capacity increases, the rate performance decreased due to the aggregation and
destruction of the composite structure during cycling, which is also consistent with the
cycling performance results. The charge/discharge profiles of MoS2/MXene electrode at
the corresponding number of cycles are shown in Figure 3e. As can be seen, although the
overpotential (∆V) increases with the current density, it still retains a clear charge/discharge
plateau, indicating an excellent rate performance. However, at high current densities, ion
diffusion and electron transfer become slower due to the slow redox reaction resulting
from the generation of the concentration polarization [42–44]. The capacity values of
different materials at the 3rd, 13th, 23rd, 43rd, 53rd, 63rd, 73rd and 83rd cycles are listed in
Table S4. In addition, the electrochemical performances of previously reported MoS2-based
electrodes are summarized in comparison with the MoS2/MXene electrode in this work
(Figure 3f) [29,45–50]. It can be seen that at different current densities the capacity retention
of this work is at a relatively high level.

In order to comprehensively understand the synergistic effect between MoS2 and
MXene, we drew a schematic diagram comparing the lithiation and de-lithiation pro-
cesses of the MoS2, MXene and MoS2/MXene anode materials. As shown in Figure 4a,
the pure MXene lamellar material undergoes different degrees of re-stacking during the
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lithiation process, which reduces the layer spacing and negatively affect the ion transport
in the lamellar material. While the pure MoS2 lamellar material undergoes irreversible
volume expansion during the lithiation process, which also degrades the electrochemical
performance of the material, the above two materials have undergone different degrees of
volume changes during the lithiation process, leading to irreversible phenomenon during
the de-lithiation process. The MoS2/MXene composite obtained by one-step hydrothermal
method solves the above problems well. On the one hand, the existence of MXene slows
down the volume expansion of MoS2 during cycling, and on the other hand, MoS2 can
alleviate the restacking of MXene. The MoS2 and MXene complement each other and
make up for each other’s shortcomings. We also studied the EIS and the GITT of the
electrodes to better elucidate the transfer kinetics of the electrodes. Figure 4b displays the
Nyquist plot obtained from the EIS test. The plot consists of two parts, a semicircle in
high-frequency region and a diagonal line in low-frequency region, belonging to the charge
transfer resistance Rct and the diffusion-related Warburg impedance (Zw), respectively,
which indicates that the electrochemical behavior is controlled by charge transfer and ion
diffusion [51]. We can find that MoS2 displays the largest Rct and MXene shows the smallest
Rct. There is no significant difference in the Rct (after one cycle) of the MoS2/MXene-2:1,
MoS2/MXene-3:1, MoS2/MXene and MoS2/MXene-5:1 electrodes, but the slope in the
low frequency region shows that the MoS2/MXene electrode has the smallest Zw. The EIS
analysis shows that the introduction of MXene reduces the impedance of electron diffusion
and improves the electrical conductivity of the material. Moreover, it is found that the
sample MoS2/MXene has the lowest Rct and Zw, which also corresponds to the previous
electrochemical performance. The Li+ diffusion coefficient (DLi

+) was calculated based on
the results of the constant GITT and the detailed calculation process is presented in the
Supporting Information. The test was carried out by applying a current pulse of 50 mA g−1

for 30 min with a chirality time of 30 min. The results of the test are given in Figure 4c–d,
and the DGITT of MoS2/MXene is higher in the first discharge platform than in the second
one because the first discharge platform belongs to the embedding of protons and the
second one links with the embedding of lithium ions, a phenomenon attributed to the
diffusion coefficient of lithium ions itself is lower than that of protons, and the charging
platform also exhibits a similar pattern [52–54]. After comparison, it was found that the
time required to perform a charge/discharge cycle for MoS2/MXene was shorter than that
of the MoS2, indicating a more rapid embedding/disembedding process of lithium ions.
By comparing the calculated DLi

+, the results represent the energy barrier for Li+ diffusion.
Apparently, the average DLi

+ of MoS2/MXene is larger than MoS2, and it can be seen that
MoS2 is nearly half an order of magnitude lower than MoS2/MXene; meanwhile, both
have similar variation patterns, further indicating their excellent diffusion kinetic behavior.
By the above EIS and GITT analysis, the introduction of MXene lamellar can provide
sufficient surface electron mobility and efficient ion transport to promote electrochemical
kinetic behavior.
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Figure 4. (a) Schematic diagram of the processes of lithiation and de-lithiation in MXene, MoS2

and MXene/MoS2; (b) Nyquist plots of MoS2, MXene, MoS2/MXene−2:1, MoS2/MXene−3:1,
MoS2/MXene and MoS2/MXene−5:1 after the first charge/discharge cycle; GITT results of (c) MoS2

and (d) MoS2/MXene.

4. Conclusions

In summary, the MoS2/MXene-x:1 (x = 2, 3, 4, 5) composites were prepared via a
facile hydrothermal strategy and applied to the corresponding electrode for lithium-ion
batteries. It was demonstrated by Raman, XRD and XPS that the synthesized MoS2 formed
a strong combination with the MXene through the Ti–S and Ti–O–Mo bonds; meanwhile,
the N element derived from the decomposition of thioacetamide was incorporated into
the composite to enhance the electrochemical properties. As expected, the corresponding
MoS2/MXene electrode delivers initial charge/discharge capacities of 887/1087 mA h g−1,
respectively, at 100 mA g−1 with an ICE of 81.6%, and a discharge capacity of 731 mA h g−1

can be retained after 100 cycles. Furthermore, the EIS and GITT investigations demonstrate
that the introduction of MXene is beneficial to improve electronic conductivity, boost reac-
tion kinetics and enhance stability. Additionally, the nitrogen-doped Ti3C2Tx can effectively
suppress the volume change of MoS2 and further enhance the electrical conductivity of
the entire electrode, whereas MoS2 can reduce the self-stacking of Ti3C2Tx. These excellent
results demonstrate the promising potential of the MoS2/MXene electrode for energy
storage systems.
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induced Nitrogen-Doped MoS2/MXene Composites with Superior Lithium-Ion Storage; Table S1:
One-Step Hydrothermal Reaction induced Nitrogen-Doped MoS2/MXene Composites with Superior
Lithium-Ion Storage.
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