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ABSTRACT: Outstanding magnetic properties are highly desired for two-
dimensional ultrathin semiconductor nanosheets. Here, we propose a phase
incorporation strategy to induce robust room-temperature ferromagnetism in a
nonmagnetic MoS2 semiconductor. A two-step hydrothermal method was used to
intentionally introduce sulfur vacancies in a 2H-MoS2 ultrathin nanosheet host,
which prompts the transformation of the surrounding 2H-MoS2 local lattice into a
trigonal (1T-MoS2) phase. 25% 1T-MoS2 phase incorporation in 2H-MoS2
nanosheets can enhance the electron carrier concentration by an order, introduce
a Mo4+ 4d energy state within the bandgap, and create a robust intrinsic
ferromagnetic response of 0.25 μB/Mo by the exchange interactions between sulfur
vacancy and the Mo4+ 4d bandgap state at room temperature. This design opens up new possibility for effective manipulation of
exchange interactions in two-dimensional nanostructures.

■ INTRODUCTION

Over the past a few years, two-dimensional (2D) nanosheets,
exemplified by the well-known graphene, have been widely
studied due to their unique mechanical and electronic
properties that render them with numerous potential
applications.1−4 Among them, MoS2 nanosheets have attracted
special attention because they possess outstanding electronic
features of high charge-carrier mobility, tunable charge-carrier
types, and high on/off ratio.5,6 MoS2 nanosheets-based
semiconductor devices, such as field-effect transistors7,8 and
digital circuits,9 have been successfully fabricated. Besides,
MoS2 materials have especially well-defined spin-splitting
property that is very suitable for spintronics applications.5,10

Unfortunately, the nonmagnetic property of common MoS2
nanosheets has hampered its applications in spintronics. If the
nonmagnetic MoS2 nanosheets could be endowed with robust
room-temperature ferromagnetism, they could be expected to
not only act as an ideal spintronics channel material for
nanodevices but also provide an excellent platform for studying
the relationship between electronic and magnetic properties of
quantum-confined matters.2,11 How to realize and manipulate
ferromagnetic property in MoS2 nanosheets then becomes a
critical issue to be resolved.
To obtain ferromagnetic MoS2 nanosheets and other low-

dimensional materials, traditional methods, such as doping of
foreign magnetic ions or annealing under different atmos-
pheres,12 have been attempted but met with limited
success.13−15 Recently, other ways of introducing ferromagnet-
ism into MoS2 nanosheets have been explored from both
theoretical and experimental aspects.16−21 First-principles
calculations by Zheng et al. predicted that macroscopic
ferromagnetism of MoS2 nanosheets could be introduced by

applying equibiaxial strain and doping vacancy.16 Zhang et al.
used vertically aligned edge-oriented MoS2 nanosheets to form
ferromagnetic MoS2 films, the thickness of which is changed to
afford Mo and S ions with unsaturated bonds.20 However, the
as-activated ferromagnetism of MoS2 nanosheets is unstable
and can be easily removed by local structural rearrangements
during annealing or chemical passivation processes.22 More
approaches are still desired to introduce robust ferromagnetic
interactions in freely expanded MoS2 nanosheets. This could be
inspired by the fact that MoS2 has various atomic arrangements
and electronic structures, which provides a solid foundation for
manipulating the electronic properties of Mo ions via tailoring
the atomic structures.23 For instance, the trigonal prismatic
MoS2 (2H-MoS2) phase is able to transform to octahedral (1T)
phase by electron doping (electron irradiation or introducing Li
ions).24,25 Among numerous MoS2 phases, 2H-MoS2 is
macroscopically nonmagnetic, because the Mo4+ ions are in a
trigonal prismatic local coordination in which the two 4d
electrons are spin-antiparallel and the net magnetic moment is
zero. If the Mo4+ 4d electron configuration could be tuned to
have nonzero magnetic moment, the 2H-MoS2 phase could also
display magnetic properties. An effective method following this
line is incorporating another phase of MoS2 into the 2H-MoS2
matrix, a concept called “phase incorporation” (Figure 1a). The
1T-MoS2 phase is a good candidate to be incorporated, because
it has a magnetic moment of 2 μB/Mo ions and its crystal
structure is very similar to that of 2H-MoS2.

26 More
importantly, the Mo atoms in 1T-MoS2 have identical atomic
positions as in 2H-MoS2; therefore, the incorporated 1T-MoS2
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does not change the distributions of Mo ions in the 2H-MoS2
(Figure 1a) and does not hamper its practical applications.
Motivated by the above consideration, we anticipate that
introducing the 1T phase of MoS2 into the 2H-MoS2
nanosheets could be an effective strategy for combining the
semiconductor character of 2H-MoS2 with the magnetic feature
of 1T-MoS2.
In this work, the phase-incorporation strategy is employed to

induce ferromagnetism into the originally nonmagnetic 2D
nanosheet materials. Taking 2H-MoS2 nanosheets as a

prototype material and using a two-step hydrothermal synthesis
method (Figure 1b), we successfully incorporated 1T-MoS2
phase into the matrix of 2H-MoS2 nanosheet and observed its
robust ferromagnetic response with a magnetic moment of 0.25
μB/Mo at room temperature. It is further revealed that the
interaction between the Mo 4d states of the 1T-MoS2 dopant
and a bandgap energy state induced by sulfur vacancy is the
origin of the ferromagnetism of the phase-incorporated MoS2
nanosheets. Our results provide a new hint for manipulating the
ferromagnetic interaction in 2D semiconductors.

■ RESULTS AND DISCUSSION

The 1T phase incorporated 2H-MoS2 nanosheets (hereafter
called 1T@2H-MoS2 nanosheets) were obtained by a two-step
hydrothermal synthetic strategy, as depicted schematically in
Figure 1b. The critical step in the synthesis is the control over
the formation of sulfur vacancy (VS) in the 2H-MoS2
nanosheets. The initial 2H-MoS2 nanosheets were formed
from autoclaving Mo ions precursor and thiourea at a high
temperature of 200 °C. Then the MoS2 nanosheets were
subjected to centrifugation, ultrasonation in ethanol solution,
and once more autoclavation at 220 °C for 8 h to facilitate the
generation of VS and transform the local lattice of 2H-MoS2
surrounding sulfur vacancies into 1T phase, finally resulting in
the formation of 1T@2H-MoS2 nanosheets. The role of VS is
similar to that of a lithium ion occupying the interlayer S−S
tetrahedron site in lithiated MoS2 which undergoes a 2H-IT
phase transition.25

To verify the success of the two-step hydrothermal synthesis
strategy in obtaining the 1T@2H-MoS2 nanosheets, detailed
structure information on the as-synthesized product is
unraveled by the atomic force microscopy (AFM), high-
resolution transmission electron microscopy (HRTEM), and
Raman spectra as shown in Figure 2a−c. The HRTEM images
of the 1T@2H-MoS2 nanosheets show distinct lattice fringes of
0.27 nm with 60° angles attributed to the (100) and (010)
planes of 2H-MoS2, respectively, suggesting the exposure of the

Figure 1. (a) Diagrammatic representation of the phase incorporation
strategy to achieve ferromagnetism of 2H-MoS2 nanosheets. (b)
Schematic representation of the two-step hydrothermal synthetic route
for the 1T@2H-MoS2 nanosheets.

Figure 2. Characterization of the 1T@2H-MoS2 nanosheets. (a) AFM image, (b) HRTEM image, (c) Raman spectrum, (d) temperature
dependence of FC and ZFC magnetization (M−T curves), (e) magnetization vs magnetic field (M−H) curves at 5 and 300 K, and (f) EPR
spectrum. For comparison, in (c), (e), and (f), the corresponding data for 2H-MoS2 nanosheets are also displayed.
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(001) facets of the 2H-MoS2 matrix. This point is also
supported by the XRD patterns (Figure S1). The lateral size of
the 2D nanosheets is up to about 0.4 μm (Figures 2a and S2),
and the statistical height profiles show a smooth morphology
with a thickness of about 2.67 nm, very close to two z-axis unit-
cell thicknesses of the 2H-MoS2 phase. Moreover, from the
HRTEM images, the implanted 1T-MoS2 phase in the 2H-
MoS2 matrix could be clearly visualized as indicated by the
circles in Figure 2b. The zoom-in HRTEM images (Figure 2b)
evidently display some trigonal lattice area (octahedral
coordination) of the 1T phase, besides the common honey-
comb lattice area of the trigonal prismatic coordination in the
2H phase. Furthermore, for the 2H-MoS2 nanosheets, the
Raman spectra (Figure 2c) display characteristic peaks at 283,
379, 404, and 454 cm−1 arising from the E1g, E

1
2g, A1g and

longitudinal acoustic phonon modes.27,28 By contrast, for the
1T@2H-MoS2 nanosheets, additional peaks at 219 and 335
cm−1 attributed to the 1T-MoS2 phase appear, suggesting the
existence of a considerable amount of 1T phase ingredient
embedded in the 2H-MoS2 host.

29 All of these results lead us to
believe that the 1T-MoS2 is successfully implanted in the 2H-
MoS2 nanosheet matrix.
Next, for examining the magnetic properties of the as-

synthesized 1T@2H-MoS2 nanosheets, we measured the
magnetization (M−T) curves against temperature under zero-
field-cooling (ZFC) and field-cooling (FC) modes, as shown in
Figure 2d. These measurements show that the 1T@2H-MoS2
nanosheets have a Curie temperature of 395 K. We also
measured the magnetizations curves (M−H) as a function of
the applied magnetic field H (Figure 2e) at 5 and 300 K for
1T@2H-MoS2 nanosheets. For comparison, the M−H curve of
2H-MoS2 nanosheets at 300 K is also shown. The well-defined
hysteresis loops indicate the room-temperature ferromagnetic
behavior of both samples, different from the nonmagnetic
property of bulk MoS2. Figure S3 shows that the remanence
and saturation magnetization of 2H-MoS2 nanosheets are 0.002
μB/Mo (0.1emu/g) and 0.02 μB/Mo (1emu/g) at 300 K,
respectively, close to the results reported by Zhang et al. on
MoS2 nanosheet films.17 When part of the 2H phase is
converted into 1T phase to form 1T@2H-MoS2, the
remanence and saturation magnetization are increased by 1
order, i.e., 0.02 and 0.25 μB/Mo, respectively, demonstrating
the significant impact of 1T-MoS2 phase to the magnetic
properties of 2H-MoS2 nanosheets. When the temperature is
decreased from 300 to 5 K, the saturation magnetization is
increased from 0.25 to 0.35 μB/Mo.
The high saturation magnetization (0.35 μB/Mo at 5 K, 0.25

μB/Mo at 300 K) of 1T@2H-MoS2 nanosheets cannot come
from either measurement artifacts or impurities. If we assume
that the magnetism were originated from ferromagnetic
impurities or contaminants (metallic Co clusters, for instance)
that had been induced unintentionally during synthesis, from
the measured saturation magnetization (0.35 μB/atom at 5 K)
and that (1.7 μB/atom) of a Co ion in Co metal clusters, we
could estimate the molar percentage of these Co clusters to be
10%. In fact, such a high level of Co clusters (and other
magnetic impurities) was never observed in our XRD, XPS,
energy dispersive spectroscopy (EDS) spectra and inductively
coupled plasma (ICP) measurements (see Figure S4 and Table
S1) within their detection limits. We also processed Al2O3
powders under the same treating conditions and using the same
vessels as we did for 1T@2H-MoS2 nanosheets, but never
observed any trace of ferromagnetism. This also helps to

exclude the possibility of introducing magnetic impurities
during the synthesis of 1T@2H-MoS2 nanosheets. Moreover,
the Curie temperature (TC = 395 K) of our 1T@2H-MoS2
nanosheets is quite different from that of CoS2 (TC = 121 K)
and CoFeS2 (TC = 150 K) magnetic semiconductors.17 All of
these results lead us to conclude that the observed
ferromagnetism of 1T@2H-MoS2 is an intrinsic nature of this
material.
To explore the source of magnetism of both MoS2

nanosheets, we measured their EPR spectra as shown in Figure
2f. Both samples display a signal at g = 2.00 that arises from
sulfur vacancy (VS); but the signal of 1T@2H-MoS2 nanosheets
is significantly intensified and broadened,30 suggesting the
increased concentration of VS. More importantly, the 1T@2H-
MoS2 nanosheets also present a weak EPR signal at g = 1.93
that implies the existence of a paramagnetic center. Considering
the electronic features of the 1T- and 2H-MoS2 phases, the
paramagnetic center could only come from the unpaired Mo 4d
electrons in 1T-MoS2,

31 since all the electrons in 2H-MoS2 are
paired. Ochsenbein et al. observed in Mn-doped ZnO
remarkably broadened paramagnetic signal of Mn ions upon
introduction of alien electrons (acting as a new paramagnetic
center) and hence concluded the interactions between Mn ions
and alien electrons.32 Similar phenomenon is also observed for
our 2H-MoS2 nanosheets upon incorporating part of 1T phase,
implying the strengthen interactions between VS and Mo4+

ions. Besides, the VS−Mo4+ interactions will also be inferred
from the Mo L3-edge XANES spectra (Figure S5). These
experimental results lead us to speculate that the enhanced
ferromagnetism in 1T@2H-MoS2 nanosheets is intimately
correlated with the strengthened Mo4+−VS exchange inter-
actions. The weak ferromagnetic response observed in the 2H-
MoS2 nanosheets is likely related to some complex consisting of
S vacancy.33

In order to further verify the doping of 1T-MoS2 phase and
to determine its relative content in the 1T@2H-MoS2
nanosheets, we employed the X-ray absorption fine structure
(XAFS) and X-ray photoelectron spectroscopy (XPS)
techniques to probe their local atomic structures. As shown
in Figure 3a, the Mo K-edge X-ray absorption near-edge
structure (XANES) spectrum of 2H-MoS2 nanosheets exhibits
four characteristic peaks A, B, C, and D. In contrast, the 1T@
2H-MoS2 nanosheets display quite different spectral features:
peak D disappears, while a new peak A1 emerges between peaks
A and B. These distinct spectral features could be reproduced
by XANES calculations using FEFF8.2 code for two structure
models (see the details of structure model configurations and
calculations in Section II in the Supporting Information).
Model A refers to a 2H-MoS2 cluster composed of 172 atoms,
and model B denotes a 1T-2H MoS2 mixed cluster. The
calculated spectra for models A and B resemble the
experimental data of 2H-MoS2 and 1T@2H-MoS2, respectively.
It then provides support for the formation of 1T-MoS2 in the
2H-MoS2 nanosheets, in agreement with the HRTEM results.
The XPS measurements also indicate that upon doping 1T-
MoS2, peaks at around 229 and 232 eV that correspond to
binding energies of Mo4+ 3d5/2 and 3d3/2 electrons in 2H-MoS2
are shifted to lower energy side by 0.5 eV (Figure 3b), a
phenomenon also observed by Eda et al. for 1T-MoS2.

34 The
deconvolution of Mo and S XPS peaks further reveals
additional peaks at the lower energy along with the initial
peaks of 2H-MoS2, and the relative content of 1T phase is
estimated to be ∼25% according to the literature reports.35
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This concentration is consistent with the results determined
from HRTEM images and XANES spectra (see some details in
the Supporting Information). XPS and ICP results (Table S1)
clearly exhibit that the Mo:S molar ratio is significantly
decreased from about 1:1.99 to 1:1.90 after incorporating the
1T-MoS2 phase into the 2H-MoS2 matrix, consistent with the
existence of a substantial number of S vacancies.
Sulfur K-edge XANES spectra (Figure 3c) were also used to

understand how the incorporated 1T-MoS2 influences the 2H-
MoS2 nanosheets. Like bulk 2H-MoS2, the 2H-MoS2 nano-
sheets also show four characteristic XANES peaks of a (∼2471
eV), b (∼2479 eV), c (∼2482 eV), and d (∼2491 eV).36 Peak a
is known to arise from the electron transition of S 1s electrons
to unoccupied hybridized orbitals of S 3p and Mo 4d, and peaks
b and c correspond to the transition to p-like final states.37

Compared with the 2H-MoS2 nanosheets, the 1T@2H-MoS2
nanosheets have a lower amplitude of peak a, their peaks b and
c are merged, and peak d disappears. More strikingly, there
appears a shoulder peak a1 at the position (∼2470 eV) just
below peak a, implying the existence of a new energy level near
the Fermi level of 2H-MoS2. Correspondingly, the Mo L3-edge
XANES spectra in Figure S5 also indicate considerably widened
energy states distribution related to Mo 4d electrons after
incorporating the 1T-MoS2 phase, with the appearance of some
unoccupied Mo 4d states (as labeled by an arrow). These
observations suggest a noticeable change of the band structure
of 2H-MoS2 caused by 1T phase, i.e., a new bandgap energy
state with Mo 4d character is produced. Generally, for a
semiconductor with dopant ion concentration higher than
1018/cm3, the dopant states can be hybridized to a dopant
band.38 In the 1T@2H-MoS2 nanosheets, the relative content
of 1T phase is ∼25% and the introduced t2g band gap states is
delocalized. Thus, it could be expected that the intrinsic
electrical property of 2H-MoS2 semiconductor has been

changed by the 1T-MoS2 phase. To confirm this point, the
Mott−Schottky method is further used to determine the carrier
density of the samples, and the results are shown in Figure 3d.
It is clearly displayed that both nanosheet samples are n-type
semiconductor. The determination of curve slope reveals that
the electron concentration of 1T@2H-MoS2 nanosheets is
about 10 times larger than that of the 2H-MoS2 nanosheets,
most possibly due to the presence of the delocalized Mo 4d-like
bandgap energy states.
For an in-depth understanding on how the room-temper-

ature ferromagnetism of 2H-MoS2 nanosheets is induced by the
Mo ions with nonzero magnetic moments, the electronic
structure calculations were performed. The calculation details
are included in the Supporting Information. Considering the
four-layer thickness of the 2H-MoS2 nanosheets, we built three
structural models of 2H-MoS2 with four-layer thickness
containing embedded 1T and/or sulfur vacancy: perfect 2H-
MoS2, 1T-MoS2, and 1T- incorporated 2H-MoS2. The obtained
density of states (DOS) are displayed in Figure 4a. First of all,

calculations of the formation energy indicate that the presence
of VS is favorable for the transition from trigonal prismatic to
octahedral coordination of Mo ions in 2H-MoS2, due to the
extra electrons induced by VS (Figure S6). The impact of extra
electrons on the 2H-to-1T transition of Mo coordination has
also been reported by Wang et al. for Li-doped 2H-MoS2.

25

Besides, the phase transition is promoted by the 2D structure of
nanosheets, because the quantum-confinement effect raises the
energy of empty Mo 4d states and reduces the stability of 2H-
MoS2.

15,39,40 Seen from the calculated DOS results (Figure 4a),
the four-layer-thick 2H-MoS2 exhibits the semiconductor
characteristics, with the conduction and valence bands
composed mainly of Mo 4d orbitals. By contrast, the 1T-
MoS2 layer displays metallic character, as indicated by the
noticeable Mo 4d states across the Fermi energy. In the
framework of crystal field theory,26 the semiconducting nature
of 2H-MoS2 stems from the symmetry-induced splitting of the
Mo 4d orbitals of a D3h-MoS6 unit into three groups: (1)
completely occupied Mo 4dz2, (2) Mo 4dxy, and Mo 4dx2−y2, and
(3) unoccupied Mo 4dxz and Mo 4dyz (Figure S7). The metallic
character of 1T-MoS2 comes from the fact that the Mo 4d
orbitals under the coordination of octahedral ligand are split
into triple-degenerate t2g (dxy, dxz, dyz) and double-degenerate
eg sets, with the t2g orbitals partly occupied by the two 4d
electrons (Figure S7). In spite of the atomic moment of 2 μB
per Mo4+ in 1T-MoS2, the magnetic energy (ΔE = EFM−EAFM)

Figure 3. (a) Experimental Mo K-edge XANES spectra of the 2H-
MoS2 and 1T@2H-MoS2 nanosheets, together with the calculated
spectra for two model structures: 2H-MoS2 cluster (model A) and 1T-
2H MoS2 mixed cluster (model B). (b) XPS spectra of the 2H-MoS2
and 1T@2H-MoS2 nanosheets. The blue and green dotted curves
represent the contributions of 1T and 2H phases to the Mo 4d peaks
in the 1T@2H-MoS2 nanosheets, respectively. (c) S K-edge XANES
spectra, and (d) Mott−Schottky plot of the 2H-MoS2 and 1T@2H-
MoS2 nanosheets.

Figure 4. (a) Calculated DOS for various model structures: 2H-MoS2,
1T-MoS2, and 1T@2H-MoS2 nanosheets. (b) Representation of
magnetic polarons.
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calculations show that the electron spin exchange interactions
between Mo4+ ions are still antiferromagnetic in the 1T phase.
Therefore, the 1T phase alone is not able to lead to significant
ferromagnetism at room temperature. When the 1T phase is
incorporated into 2H-MoS2, a bandgap energy state a with
Mo4+ 4d feature is observed, consistent with the XANES results
(Figure 3c). This is presumably caused by electronic
interactions between Mo4+ ions in the 1T and 2H phases.
Finally, we discuss briefly the physical origin of the observed

ferromagnetism of the 2H-MoS2 and 1T@2H-MoS2 nano-
sheets. Bulk 2H-MoS2 is known to be macroscopically
nonmagnetic, because the Mo4+ ions are in a trigonal prismatic
local coordination, in which the two 4d electrons are spin-
antiparallel and the net magnetic moment is zero (Figure S7).
For 2H-MoS2 nanosheets, the weak ferromagnetism mainly
comes from the complex consisting of S vacancy, and the Mo4+

ions do not contribute to the magnetic moments. In 1T@2H-
MoS2 nanosheets which exhibit robust ferromagnetism, the
increased carrier density could not explain their enhanced
magnetism and the bound magnetic polaron (BMP) model is
more suitable to explain the magnetic origin.41 According to the
average size (2 nm) and concentration (∼25%) of the 1T-MoS2
phase in 1T@2H-MoS2 nanosheets, the distances between two
neighboring 1T-MoS2 regions have the highest distribution
probability at 1−3 nm (see Figure S8 and the details in the
Supporting Information), smaller than the size of a polaron
which is generally <3 nm.41 Then the spins of the localized
defects (S vacancy) align those of the nearby Mo ions in the 1T
phase which provide the magnetic moments, producing an
effective magnetic field and activating the ferromagnetic
interactions between Mo ions within the polaron radius (Figure
4b). It should be addressed that the 1T phase incorporated in
the 2H-MoS2 host could not be simply regarded as a secondary
phase as commonly observed in diluted magnetic semi-
conductors. This is because the embedded 1T-MoS2 phase
alone could not cause the robust ferromagmetism, but provides
a magnetic moment. Only those Mo4+ ions located within the
effective radius of a same polaron (around a sulfur vacancy
center) could interact with each other in a ferromagnetic
manner and give rise to the observed ferromagnetism of the
1T@2H-MoS2 nanosheets.

■ CONCLUSIONS
In summary, we have experimentally demonstrated the
feasibility of achieving ferromagnetic interactions in a typical
transition-metal dichalcogenide MoS2 nanosheet, by incorpo-
rating 1T phase of MoS2 into 2H-MoS2 nanosheet host. As
shown by a detailed study of structural and magnetic properties,
this strategy could lead to a Curie temperature of 395 K and
enhance greatly the saturation magnetization of 2H-MoS2
nanosheets at 300 K from 0.02 to 0.25 μB/Mo. Based on the
EPR experiment and first-principles calculations, we propose
that the observed robust ferromagnetism of 1T-MoS2
incorporated 2H-MoS2 nanosheets originates from the
exchange interactions between sulfur vacancies and Mo4+

ions. It is worthy to note that such a strategy does not change
the overall distributions of Mo ions in the 2H phase. This idea
is expected to be generalized to tune the magnetic properties of
other two-dimensional materials.

■ EXPERIMENTAL SECTION
Synthesis of MoS2 Ultrathin Nanosheets. Typically, 1 mmol

(NH4)6Mo7O24·4H2O and 30 mmol thiourea were dissolved in 40 mL

distilled water under vigorous stirring to form a homogeneous
solution. After being stirred for 1 h, the solution was transferred into a
50 mL Teflon-lined stainless steel autoclave and maintained at 200 °C
for 20 h. Then the reaction system was allowed to cool down to room
temperature naturally. The obtained products were collected by
centrifugation and washed with ethanol. Then the stoichiometric MoS2
nanosheets were subjected to centrifugation and ultrasonation in
ethanol solution and once more autoclavation under 220 °C for 8 h to
form the final products and dried at 60 °C under vacuum.

Structure and Property Characterization. XRD patterns were
recorded by using a Philips X’Pert Pro Super diffractometer with Cu
Kα radiation (λ = 1.54178 Å). The transmission electron microscopy
(TEM) was carried out on a JEM-2100F field emission electron
microscope at an acceleration voltage of 200 kV. The high-resolution
TEM (HRTEM), and corresponding energy-dispersive spectroscopy
(EDS) mapping analyses were performed on a JEOL JEM-ARF200F
TEM/STEM with a spherical aberration corrector. Atomic force
microscopy (AFM) study in the present work was performed by
means of Veeco DI Nanoscope MultiMode V system. X-ray
photoelectron spectra (XPS) were acquired on an ESCALAB MKII
with Mg Kα (hυ = 1253.6 eV) as the excitation source. The binding
energies obtained in the XPS spectral analysis were corrected for
specimen charging by referencing C 1s to 284.5 eV. S and Mo
concentrations were determined by inductively coupled plasma atomic
emission spectrometry (ICP-AES, Jarrel Ash model 955). Magnet-
ization studies were carried out using a superconducting quantum
interference device (SQUID) magnetometer (T < 300 K). High-
temperature magnetization (T > 300 K) was recorded using a vibrating
sample magnetometer (VSM). The Mo L3-edge and S K-edge X-ray
absorption near-edge (XANES) spectra were measured at the 4W7B
beamline of the Beijing Synchrotron Radiation Facility (BSRF), China,
in the total electron yield (TEY) mode by collecting sample drain
current under a vacuum better than 5 × 10−8 Pa. The beam from a
bending magnet was monochromatized with a varied line-spacing
plane grating and refocused by a toroidal mirror. The Mo K-edge
XAFS spectra were measured at the BL14W1 beamline of the
Shanghai Synchrotron Radiation Facility (SSRF), China. The storage
ring of BSRF was operated at 2.5 GeV with a maximum current of 250
mA. Electronic paramagnetic resonance (EPR) measurements were
performed in a JSE-FA200 EPR spectrometer at X-band (∼9 GHz)
with a resolution of 2.35 μT at room temperatures.
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