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Abstract: Two-dimensional (2D) heterostructured materials,
combining the collective advantages of individual building
blocks and synergistic properties, have spurred great interest as
a new paradigm in materials science. The family of 2D
transition-metal carbides and nitrides, MXenes, has emerged as
an attractive platform to construct functional materials with
enhanced performance for diverse applications. Here, we
synthesized 2D MoS2-on-MXene heterostructures through
in situ sulfidation of Mo2TiC2Tx MXene. The computational
results show that MoS2-on-MXene heterostructures have
metallic properties. Moreover, the presence of MXene leads
to enhanced Li and Li2S adsorption during the intercalation
and conversion reactions. These characteristics render the as-
prepared MoS2-on-MXene heterostructures stable Li-ion stor-
age performance. This work paves the way to use MXene to
construct 2D heterostructures for energy storage applications.

2D heterostructures, made by stacking different 2D
crystals on top of each other at the nanoscale, have properties
and applications not available from their individual building
blocks. Recently, 2D heterostructures including MoS2 assem-
bled on 2D conductive scaffolds have attracted great atten-
tion for energy storage applications.[1] MoS2, a representative
2D transition-metal dichalcogenide, is emerging as a potential
candidate for lithium-ion storage.[2] 2H MoS2, the most
common polytype, suffers from intrinsically poor electrical
conductivity and large volume change upon cycling.[3] Addi-
tionally, it is documented that a polysulfide shuttling problem
during the discharge process may cause premature electrode
failure via electrochemical degradation of the active materi-
al.[2b] As a result, MoS2 electrodes exhibit poor cycle stability
and rate capability. However, in 2D heterostructures, the
intimate interfacial interaction between MoS2 and the con-

ductive agent cannot only facilitate the electron transfer, but
also retain the large electrode/electrolyte contact to com-
pletely fulfill the potential of the active material (MoS2).

[4]

Consequently, improved electrochemical performances of
MoS2-based electrodes can be expected.

In 2011, a family of 2D materials called MXenes was
discovered.[5] The formula ofMXenes is Mn+1XnTx, whereM is
an early transition metal, X is carbon and/or nitrogen, n= 1, 2
or 3, and Tx refers to surface terminations such as OH, O and
F.[6] Due to their layered structure and high conductivity,
MXenes are well-suited for energy storage.[7] In particular,
MXenes are promising candidates for lithium-ion storage.[8]

On one hand, the low Li+ diffusion barriers on the MXenesQ
surface[8a] and their excellent conductivity[9] could facilitate
ionic and electronic transport. On the other hand, MXenes
have been applied to confine different materials and prevent
their cracking during charge-discharge cycling, inclduing
metal oxides, polymers, and MoS2.

[10] However, MXene-
based 2D/2D heterostructures have not reported so far.

In 2015, we discovered an ordered double transition-metal
Mo2TiC2Tx MXene, in which an atomic layer of Ti is
sandwiched between two layers of Mo in the metal carbide
structure. This unique arrangement of atoms gives Mo2TiC2Tx

different properties than the Ti3C2Tx MXene.[11] Since only
Mo atoms are on the surface of Mo2TiC2Tx MXenes, its
surface Mo@O motifs might be converted into Mo@S bonds
under a certain condition, resulting in the formation of MoS2,
similar to the transformation fromMoO2 or MoO3 to MoS2.

[12]

Here, we prepared few-layered MoS2 on Mo2TiC2Tx MXene
heterostructures by an in situ sulfidation method. The 2D
MoS2-on-MXene heterostructures feature intimate interfacial
interactions, which maximize the potential of conductive
MXene as support for MoS2.

MoS2/Mo2TiC2Tx heterostructures were prepared as sche-
matically illustrated in Figure 1a. (Experimental details are
provided in the Supporting Information.) In the first step,
Mo2TiC2Tx with sulfur particles incorporated between the
MXene flakes (S/Mo2TiC2Tx) were obtained by a liquid
mixing process. We hypothesized that heating S/Mo2TiC2Tx

hybrids in an inert atmosphere could transform Mo@Omotifs
to MoS2 on the surface of Mo2TiC2Tx and remove residual
sulfur simultaneously, producing MoS2/Mo2TiC2Tx hetero-
structures. To do so, we heat treated the S/Mo2TiC2Tx hybrids
at 500 88C or 700 88C for 4 hours under argon, and the as-
obtained products were denoted as MoS2/Mo2TiC2Tx-500 and
MoS2/Mo2TiC2Tx-700, respectively.

In the Raman spectrum of pure Mo2TiC2Tx (Figure 1b),
we can ascribe the band at 164 cm@1 to Eg vibrations from
both Mo and Ti atoms in the oxygen-terminated Mo2TiC2.
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The O-termination itself contributes mostly as an Eg vibration
at 234 cm@1. Higher frequencies (311, 450 and 650 cm@1) can
be attributed to mostly C vibrations in Mo2TiC2O2.

[13] In the
Raman spectrum of MoS2/Mo2TiC2Tx-500, two bands at 381
and 404 cm@1 are observed, which are assigned to the in-plane
E2g and out-of-plane A1g modes of 2H-phased MoS2, respec-
tively.[14] The band at around 570 cm@1 could be attributed to
2E1g

[15] or A2u+XAvibrations.[15b]Moreover, since the 633 nm
excitation is in resonance with the indirect band gap of MoS2,
one-phonon-forbidden Raman vibrations can now be seen at
454 cm@1, which can be attributed to A2u or E1g+XA band.
The vibration at 187 cm@1 can be attributed to the acoustic
out-of-plane mode ZA(M).[16] These vibrations could also be
observed for MoS2/Mo2TiC2Tx-700, indicating the formation
of MoS2. The formation of MoS2 could also be verified by
high-resolution X-ray photoelectron spectroscopy. (Details
are provided in Supporting Information and Figure S1.)

The XRD pattern of the pure Mo2TiC2Tx (Figure 1c)
shows only the (00l) peaks with d-spacing of 21.53c. The
appearance of all the (00l) peaks indicates the strong
restacking of the flakes in the filtered MXene film.[11b] The
d-spacing of Mo2TiC2Tx decreased from 21.53 c to 14.06 and
13.71 c for MoS2/Mo2TiC2Tx-500, and MoS2/Mo2TiC2Tx-700,
respectively. The peak around 13.588 in the XRD patterns of
the heat-treated samples can correspond to both the (004)
peak of Mo2TiC2Tx and the (002) peak of MoS2 with d-spacing
of 6.62 c. Additionally, new peaks appeared in the XRD
patterns of the heat-treated samples: two broad peaks at 36
and 4388 and a narrower peak at 6388 (Figures 1c and Fig-
ure S2), matching the peaks of 2HMoS2, with smaller a-lattice
parameter (a-LP). These peaks were shifted to the left as we
increased the time and temperature of the heat-treatment.
The reported a-LP of Mo2TiC2Tx at 2.93c is smaller than that
of the MoS2 at 3.16 c,[11b,17] resulting in lattice mismatch while
forming heterostructures. With increasing heat-treatment
time and temperature, more MoS2 forms on Mo2TiC2Tx,

reducing the mismatch effect and enhancing the interaction
between the MoS2 layers. (Details are provided in Supporting
Information and Figure S2.)

The scanning electron microscopy (SEM) images of MoS2/
Mo2TiC2Tx-500 and MoS2/Mo2TiC2Tx-700 are shown in Fig-
ure 2a and b. Compared to pure Mo2TiC2Tx fabricated by

filtration of a stable colloidal solution, which is composed of
well-aligned stacked 2D sheets,[11a] the MoS2/Mo2TiC2Tx

heterostructures are disordered and have an open architec-
ture constructed of 2D sheets. From energy-dispersive X-ray
spectrometry (Tables S1 and S2), the atomic content of S
increased with the temperature, and theMo:S ratio was 2:0.95
and 2:2.09 for MoS2/Mo2TiC2Tx-500 and MoS2/Mo2TiC2Tx-
700, respectively. Accordingly, the Mo2TiC2Tx :MoS2 ratios are
calculated to be 1:0.62 and 1:2.19 for MoS2/Mo2TiC2Tx-500
and MoS2/Mo2TiC2Tx-700, respectively. The transmission
electron microscopy (TEM) images of MoS2/Mo2TiC2Tx-500
are shown in Figure 2c. A lattice spacing of about 14.0c was
identified, which is in agreement with the (002) peak position
in the XRD pattern of the Mo2TiC2Tx. In addition, a newly
formed layered compound on Mo2TiC2Tx with an interlayer
spacing of 6.9c was found, similar to that of bulk MoS2

(6.15c).[18] This value is in agreement with the d-spacing that
we calculated from the (002) peak of MoS2 in XRD patterns.
Figure 2c shows that two layers of MoS2 contact intimately
with Mo2TiC2Tx layers, forming MoS2-on-MXene hetero-
structures. From the TEM image of MoS2/Mo2TiC2Tx-700
(Figure 2d), it can be seen that there are more MoS2 layers,
suggesting that a higher temperature of 700 88C facilitates the
formation of MoS2.

We also performed computational investigations of the
structural and electronic properties of the heterostructure.
(Computational details are provided in the Supporting
Information and detailed results are shown in Figure S3.)
Our calculated a-LP for MoS2 and MoS2/Mo2TiC2O2 are 3.16
and 3.06 c, respectively, in agreement with the XRD data.

Figure 1. a) Schematic illustration of the preparation of MoS2/MXene
hybrids. S/Mo2TiC2Tx hybrids were obtained by a liquid mixing process
(left panel). Then the sulfur loaded MXene (middle panel) was head
treated to obtain MoS2-on-MXene heterostructures (right panel).
b) Raman spectra and c) XRD patterns of pure Mo2TiC2Tx, MoS2/
Mo2TiC2Tx-500 and MoS2/Mo2TiC2Tx-700.

Figure 2. SEM images of a) MoS2/Mo2TiC2Tx-500 and b) MoS2/
Mo2TiC2Tx-700. Cross-sectional TEM images of MoS2-on-MXene hetero-
structures: c) MoS2/Mo2TiC2Tx-500 and d) MoS2/Mo2TiC2Tx-700.
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Figure S3b shows the band structures of theMoS2, Mo2TiC2O2

and MoS2/Mo2TiC2O2 hybrid. Pure MoS2 is a semiconductor
with a direct band gap of 1.7 eV, while Mo2TiC2O2 shows
metallic properties, which agrees with previous results.[11b]

The hybrid MoS2/Mo2TiC2O2 structure also shows metallic
properties. It suggests that the integration between MoS2 and
Mo2TiC2O2 can significantly improve the conductivity of the
MoS2, which is desirable for high-rate charging/discharging.

The lithium storage performance of the as-obtainedMoS2/
Mo2TiC2Tx heterostructures was evaluated in lithium-ion
half-cells. The cyclic voltammetry (CV) curves of pure
Mo2TiC2Tx are shown in Figure S4, indicating a capacitor-
like performance without obvious redox peaks. Figure 3a

shows the CV curves of MoS2/Mo2TiC2Tx-500. In the first
cycle, the cathodic peak at 0.8 V represents the intercalation
of lithium ions into the triangular prism structure of MoS2 or
Mo2TiC2Tx, while the peak at 0.5 V could be the reduction of
LixMoS2 to Mo and Li2S based on the conversion reac-
tion.[2b,19] Another small cathodic peak around 0.2 V could be
due to the formation of a solid electrolyte interface (SEI)
layer or an irreversible reactions of Li with the surface
functional groups. In the anodic scan, the peak at 1.3 V could
be assigned to the oxidation of Mo and delithiation of
LixMo2TiC2Tx, while the peak at 2.3 V could be corresponded
to the delithiation of Li2S.

[2b,11a] In the subsequent cathodic
scan, the peaks at 1.2 and 1.9 V could be assigned to the
formation of LixMoS2 and Li2S, respectively.[2] Analogous
cathodic and anodic peaks could be observed in CV curves for
MoS2/Mo2TiC2Tx-700 (Figure S5). These reactions also can be
found from galvanostatic charge/discharge curves (Fig-
ure 3c). In discharge processes, the plateaus around 1.9 and
1.2 V indicate the formation of Li2S and LixMoS2, while the
plateaus at around 1.3 and 2.3 V in charge processes coming

from the oxidation ofMo or delithiation of LixMo2TiC2Tx, and
the delithiation of Li2S.

As shown in Figure 3b, at 100 mAg@1, MoS2/Mo2TiC2Tx-
500 delivered initial charge and discharge capacities of 554
and 646 mAhg@1, which are 4.1 and 2.4 times of those of pure
Mo2TiC2Tx (134 and 268 mAhg@1, respectively). The obtained
charge capacity is also much higher than multilayer
Mo2TiC2Tx reported previously.[11a] The enhanced capacity
could be attributed to an open structure of MoS2/Mo2TiC2Tx

compared to the restacked pure Mo2TiC2Tx, leading to
smaller ion diffusion resistance as shown in the electro-
chemical impedance spectra (Figure S6), as well as much
higher theoretical capacity of 670 mAhg@1 of MoS2.

[20] In
addition, the initial Coulombic efficiency ofMoS2/Mo2TiC2Tx-
500 is 86%, which is much higher than that of pureMo2TiC2Tx

(50%). In the following cycles, the charge capacity of MoS2/
Mo2TiC2Tx-500 increases to 580 mAhg@1, due to the activa-
tion of the electrode material. After 100 cycles, the charge
capacity remains at 509 mAhg@1, which is 92% of its first
cycle and 9.7 times of the capacity obtained by pure
Mo2TiC2Tx (52 mAhg@1), demonstrating good cycling perfor-
mance. The good cycling stability can also be observed in
charge-discharge curves as shown in Figure 3c. Compared
with pure MoS2,

[21] MoS2/Mo2TiC2Tx-500 hybrid also shows
enhanced capacity and cycling performance. On the other
hand, MoS2/Mo2TiC2Tx-700 exhibits a charge capacity of
482 mAhg@1 in the first cycle but a poor cycling performance
and decreases to 126 mAhg@1 after 100 cycles (Figure 3b).
This could be ascribed to the formation of a large amount of
MoS2 in MoS2/Mo2TiC2Tx-700 as discussed above. Moreover,
the Coulombic efficiencies follow the order of MoS2/
Mo2TiC2Tx-500>MoS2/Mo2TiC2Tx-700.

Figure 3d shows the rate performances of pureMo2TiC2Tx

and MoS2/Mo2TiC2Tx-500. At a current density of 50 mAg@1,
a high reversible average capacity of 548 mAhg@1 can be
achieved. As the current density gradually changed to 100,
200, 500, 1000 and 2000 mAg@1, the MoS2/Mo2TiC2Tx-500
electrode delivered capacities of 523, 484, 407, 315 and
182 mAhg@1, respectively. Even at a high rate of 5000 mAg@1,
MoS2/Mo2TiC2Tx-500 had the capacity of 90 mAhg@1. When
the current density returned to 50 mAg@1, the capacity
returned to 572 mAhg@1. For pure Mo2TiC2Tx, the average
capacities at all scan rates were below 100 mAg@1 and
decreased further with the increasing scan rate. Compared
with pure MoS2,

[21] MoS2/Mo2TiC2Tx-500 hybrid also shows
enhanced rate performance.

It is well-known that pure MoS2 electrodes suffer from
poor cycling performance.[21] To investigate the reason for our
enhanced lithium storage performance, we performed first-
principles calculations to study the influence of Mo2TiC2Tx

MXene on the adsorption behavior of Li and its discharge
product Li2S. In the Li intercalation step, three Li adsorption
sites are considered on MoS2 and MoS2/Mo2TiC2O2 surfaces,
as shown in Figure 4a and b. For these sites, the MoS2/
Mo2TiC2O2 shows stronger Li adsorption with lower binding
energies (Figure 4c). For both MoS2/Mo2TiC2O2 andMoS2, Li
prefers to stay on top of Mo (site I). As shown in Figure 4d
and e, electrons will transfer from Li to MoS2/Mo2TiC2O2 or
MoS2. Different from pure MoS2, the oxygen surface in the

Figure 3. Electrochemical performance of MoS2/Mo2TiC2Tx heterostruc-
tures for lithium-ion batteries. a) CV curves of MoS2/Mo2TiC2Tx-500 at
1 mVs@1, b) cycling stabilities and Coulombic efficiencies for pristine
Mo2TiC2Tx, MoS2/Mo2TiC2Tx-500 and MoS2/Mo2TiC2Tx-700 at
100 mAg@1, c) galvanostatic charge/discharge curves of MoS2/
Mo2TiC2Tx-500 at 100 mAg@1, d) rate performance for pristine
Mo2TiC2Tx and MoS2/Mo2TiC2Tx-500.
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MoS2/Mo2TiC2O2 interface also shows electrons accumula-
tion, indicating stronger charge transfer.

In the following step, LixMoS2 will convert into Li2S in the
cathodic process and the reversible reaction will occur in the
anodic process. Therefore, an effective host for the inter-
mediate Li2S will be important for a high Coulombic
efficiency and stable cycling performance. Three relaxed
adsorption configurations and corresponding binding ener-
gies of Li2S onMoS2 andMo2TiC2O2 surfaces are presented in
Figure 4 f, h and S6. Apparently, Mo2TiC2O2 shows a stronger
adsorption for Li2S with lower binding energies. The structure
of the Li2S molecule is shown in Figure S7 with Li-S bond
length of 2.09 c and Li-S-Li bond angle of 13888. Compared
with Li2S adsorption on MoS2 as shown in Figure 4 f,
Mo2TiC2O2 will lead to larger transformation of Li2S in
bond length and angle shown in Figure 4h, implying stronger
interaction between Li2S and Mo2TiC2O2. As shown in
Figure 4g and i, more obvious charge transfer between Li2S
and Mo2TiC2O2 implies a stronger interaction.

In fact, during the conversion from LixMoS2 to Li2S,
several intermediate polysulfides will form.[22] Similar to Li-
sulfur batteries, the polysulfide shuttling problem during

discharge process may also occur.[2b] Here, we took Li2S2 as an
example to investigate the adsorption of intermediates on
MoS2 and Mo2TiC2O2 surfaces as shown in Figure S8.
Mo2TiC2O2 also shows more stable adsorption for Li2S2 with
lower binding energy and larger electron transfer. The
computational analysis suggests the stronger adsorption of
Li, Li2S and related intermediates, and it contributes to the
enhanced lithium storage performance of the MoS2/
Mo2TiC2O2 hybrid. The synergies between Mo2TiC2O2 and
MoS2 lead to improved capacity, Coulombic efficiency and
stable cycling performance, which could explain the enhanced
performance of MoS2-on-MXene heterostructures.

In summary, heterostructures with few layers of MoS2

contacting intimately with Mo2TiC2Tx MXene layers, MoS2-
on-MXene, were obtained by an in situ sulfidation of
Mo2TiC2Tx MXene. First-principles calculations predict that
the heterostructures are metallic because of the presence of
the highly conductive MXene. When used as anode materials
for lithium-ion batteries, the as-prepared MoS2-on-MXene
heterostructures exhibited high specific capacities and Cou-
lombic efficiencies, promising rate capability, and excellent
cycling stability. The computational results reveal that the
strong Li adsorption on 2DMoS2-on-MXene heterostructures
leads to its enhanced intercalation, and stable lithium
polysulfide adsorption contributes to improved Coulombic
efficiency and cycling performance. Our work demonstrates
a possibility of constructing MXene-based 2D heterostruc-
tures for use as electrode materials for energy storage and
conversion, as well as other applications.
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