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Two-dimensional (2D) magnetic semiconductors are crucial in spin-based information-processing
technologies due to the combination of the strong 2D quantum effects, surface effects and the control of
spin states. However, most experimental approaches for tuning 2D magnets achieve pure ferromagnetism
at low temperature. Herein, a defect engineering strategy using supercritical CO; is introduced to achieve
nanostructure with abundant defects for 2D MoOs_,, and room-temperature ferromagnetism can be
obtained and tuned by introduction of the Mo®" ion depending on the change of supercritical pressure. In
defective regions, the presence of the pentacoordinated [Mo°*Os] centers can achieve ferromagnetic
ordering resulting in room-temperature ferromagnetism. With increasing supercritical pressure, it is easier
for the supercritical CO, to break the Mo-O bonds, achieving enhancement of the ferromagnetic
performance with desired Curie temperature (>380 K). The magnetic responses in the MoOs_, system
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1 Introduction

Room-temperature two-dimensional ferromagnets are at the
forefront of research owing to the unusual physical and
chemical properties that are useful for various applications,
especially spintronics. In recent years, vigorous scientific
inquiry has been undertaken on magnetic semiconductors,
which  possess both semiconductor and magnetic
properties.”” 2D transition-metal dichalcogenides (TMDs)
and oxides (TMOs) with strong spin-orbit coupling are
foreseen as promising candidates, such as MoS,, WS,, VSe,,
VS,, ZnO and Ti,0;.5"® However, because of the weak
magnetic coupling or a lack of unpaired electrons, most of
the pristine TMDs and TMOs are intrinsically nonmagnetic.
Hence, exploring experimental approaches to modulate the
magnetism are being pursued.

To date, systematic structural modulation methods to
induce the signature of magnetic ordering are mainly
classified as substitutional doping, phase transition,
formation of surface dangling bonds, strain engineering and
introduction of vacancies or defects."*'® Among various 2D
TMOs, because of tunable electrical properties, MoO; has
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provide a step closer to the expansion of spin electronics.
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become attractive for achieving modulation of magnetic
behavior. For example, room-temperature ferromagnetism of
MoO; was achieved by manipulating nanostructures such as
nanofibers and hierarchical branches.'”'® And transition
metal elements and non-metal elements doping can help the
fabrication of ferromagnetism in Co-doped MoO; films, and
Ni- and Ni-Co doped MoO; films, Te-doped MoO; nanoflakes
and hydrogen-doped MoO; nanosheets.’”* Due to the
absence of unpaired electron spins, stoichiometric MoO; and
MoO, are reported to be paramagnetic semiconductors.** To
expand the multifunctionality of spintronics devices where
charge and spin manipulation could be combined, such as
the novel magnetic tunnel junction, semiconductors with
desirable magnetic nature have become more important;
desirable properties include high saturation magnetization
(M;) under lower magnetic field, low coercivity field (H.) and
high Curie temperature (7..).** In fact, ferromagnetism can be
manipulated by controlling the defects in 2D nanostructure,
such as different magnetic properties depending on various
defects in graphitic carbon.>**’

In supercritical fluid technology, as a green industrial
solvent system, supercritical CO, (SC CO,) can exfoliate
various 2D layered materials, and in the interlayer confined
space, CO, can prompt diffusive atomic disordering to
control the formation of defects because the generated local
stress acts on the 2D surface.”®? Defects strategy is
beneficial for the introduction of unpaired electrons into the
system, which is expected as an effective technical means to
obtain 2D materials with ferromagnetic properties. Recently,
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non-van der Waals-like layered VO, and BaTiO; materials
have exhibited superior ferromagnetism because of the
induced symmetry breaking after high pressure treatment
with SC CO,.*>*! Herein, for the first time, we report the
successful fabrication of ferromagnetic 2D MoO;-,
nanosheets with the assistance of SC CO,. And the magnetic
moments in the defect regions result in ferromagnetic
responses and the saturation magnetization reaches 0.01
emu g ' under ~2000 Oe magnetic field at room
temperature, and the Curie temperature can reach to over
380 K.

2 Results and discussion

To verify the atomic arrangement of MoO;_,, transmission
electron microscopy (TEM) is applied to observe the surface
morphology. From the TEM image in Fig. 1a, the 2D sheet-
like structure with irregular contour can be clearly visualized.
The high resolution transmission electron microscopy
(HRTEM) image (Fig. 1b) taken of the MoOj;_, nanosheet
shows an imperfect atomic arrangement with a (110) lattice
distance of 0.38 nm. The ordered crystal lattices are
separated by disordered regions. The fast Fourier transform
(FFT) pattern also exhibits well-defined orthorhombic rings
spots, which is consistent with layered a-MoO;_,. Moreover,
according to the atomic force microscopy (AFM) analysis in
Fig. 1c, the exfoliated MoOj;_, nanosheets have a thickness of

00 90 %5 04 oo 00 0o

Y TR
ST sels T,
B R e e

L T e S T S

e MoeO «C

Fig. 1 (a) TEM image of the MoOs_, nanosheets; (b) HRTEM image of
the MoOsz_, nanosheets, inset: the corresponding fast Fourier
transform (FFT) pattern; (c) AFM image of the MoOs_, nanosheets; (d
and e) elemental mapping of the MoOs_, nanosheets for Mo and O; (f)
schematic side views showing the formation of MoOs_, using SC CO,.
Mo, O, and C atoms are represented by balls in blue, red, and grey,
respectively.

© 2023 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

View Article Online

Paper

~4.5 nm (5-6 layers).*>** The corresponding energy
dispersive X-ray (EDX) elemental mapping images
(Fig. 1d and e) further suggest the uniform distribution of
Mo and O elements on the sheets. Thus, SC CO, can destroy
the Mo-O bonds on the surface, forming large amounts of
defects and vacancies (Fig. 1f).

The MoO;_, shows abundant defects, which can be proven
by the X-ray diffraction (XRD) patterns (Fig. 2a). Its X-ray
powder diffraction pattern has a broad peak curve in the
range of 20 to 30°, suggesting the existence of a disordered
structure. Raman measurements at a low laser power were
carried out (excitation wavelength: 532 nm). As can be seen
in Fig. 2b, strong peaks occur at 818 and 991 ecm™" for the
sample. The 818 cm™ peak is assigned to the doubly
coordinated oxygen (Mo,-O) stretching mode, and the peak
at 991 cm™ is attributable to the terminal oxygen (Mo=0)
stretching mode. Other peaks at 334 and 374 cm™' can be
assigned to Mo;-O and Mo—O bending modes. And the
broad trends of these peaks show the existence of lattice
defects or the local disorder in MoO,_,.>*® To elucidate the
elemental composition and oxidation state of the MoO;_,,
X-ray photoelectron spectroscopy (XPS) measurements were
performed. For the XPS spectrum of Mo 3d, peaks correspond
to Mo®* (236.0 and 232.8 eV) and Mo (234.8 and 231.6 eV),
respectively (Fig. 2¢).***” The proportion of Mo®" can reach
as high as 14.9%. The coexistence of Mo®" and Mo>" verifies
the existence of oxygen vacancies. Fig. 2d shows the O 1s
spectrum, the peaks at 530.5 eV and 532.4 eV correspond to
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Fig. 2 (a) XRD patterns of the MoOs_, nanosheets; (b) Raman

scattering characteristics of the MoOs_, nanosheets; (c and d) XPS

spectrum details of MoOsz_, for Mo 3d and O 1s binding energy

regions; (e) absorption spectrum of MoOs_, (concentration: 1 mg
mL™); (f) EPR spectrum of the MoOs_, nanosheets.
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oxygen in MoOg and surface adsorbed species,
respectively.*®*?° And the energy level (531.6 V) also suggests
the existence of neighbouring oxygen vacancies.’’ From the
absorption spectrum of MoO;_,, the absorption in the
visible-near infrared regions consists of three peaks at 685,
815 and 1050 nm, corresponding to 1.8, 1.5 and 1.2 eV,
respectively. The three peaks originate from the
intervalence charge transfer, the d-d transitions of Mo>"
and the surface plasmon resonance (SPR) of the MoOj;-,
nanosheets (Fig. 2e)."" 1t is concluded that the surface of
MoO;_, possesses enough unsaturated atoms, resulting from
oxygen vacancies.*>** In order to investigate the oxygen
vacancies and coordinately unsaturated Mo>" atoms in Mo-O
tetragonal pyramids of the MoO;_, nanosheets, electron
paramagnetic resonance (EPR) spectrum measurements were
carried out. Fig. 2f shows the hyperfine structure of Mo>"
with sharp peaks of parallel (g = 1.898) and perpendicular (g,
= 1.937) bands and oxygen vacancies (g = 2.003), while these
weakened peaks in crystalline MoO; account for few
unsaturated atoms.*’

The photoluminescence (PL) spectrum at 300 K of the
MoO;_, nanosheets is shown in Fig. 3a. Compared with
crystalline MoO;, the PL spectrum of MoO;-, exhibits obvious
emission and a blue-green emission peak centred at about 510
nm, which originates from the presence of the singly charged
oxygen vacancy (V,")."” V," defects with unpaired electrons can
be the source of ferromagnetism, because they limit
delocalization of unpaired electrons potentially giving rise to
ferromagnetic double exchange. Owing to the inherent
properties of layered MoOs_,, the net magnetic moment can be
localized on the d orbital of the Mo atom.'” Moreover, the
asymmetric nature of the photoluminescence spectrum at
higher wavelengths can be ascribed to the intraband transitions
occurring at the pentacoordinated [Mo®"O;] centers."®

The magnetic properties of the MoO;_, nanosheets were
studied by measuring the magnetization as a function of
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Fig. 3 (a) PL emission spectra at 300 K of the MoOs_, nanosheets and

crystalline MoOs excited at 365 nm; (b) magnetization hysteresis loop
of the MoOs_, nanosheets at 300 K; (c) the magnified curves near H =
0; (d) M-T curves of the MoOz_, nanosheets measured under ZFC and
FC (H = 100 Oe) modes.
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applied magnetic field (M-H) at 300 K. From Fig. 3b and c,
the magnetic response of the sample with S-shaped and
linear forms of the hysteresis loop shows ferromagnetic
responses. Particularly, the ferromagnetic behavior is
observed for low values of the magnetic excitation up to
~2000 Oe. And the M, is about 0.01 emu g*. The magnified
curves near H = 0 show that H., and the remnant
magnetization (M,) are about 52 Oe and 0.001 emu g . As
can be confirmed from Fig. 3d, the magnetization vs.
temperature (M-T) curves further substantiate room-
temperature ferromagnetism in MoO;_, nanosheets, and the
zero-field-cooled (ZFC) and field-cooled (FC) curves show
obvious splitting over the whole measurement temperature
range, indicating the Curie temperature (7Tc) is >380 K."* To
compare with the reported oxide series (MoO3;-MoO;_,—
Mo0O,) and their doped compounds, the experimental
magnetic parameters at room temperature are given in Table
S1 (see ESIt). The M, M, and T. of the as-prepared MoO;_,
are outstanding, meanwhile, H. can maintain a low value.
Importantly, the yield is around 10%, and the preparation
process is expected to recycle CO, for the large-scale
production of ferromagnetic MoOs_,, which has potential for
practical applications.

To further identify the magnetic source, it is necessary to
study the magnetic properties of SC CO,-treated samples at
different pressures. The XRD patterns (Fig. 4a) show that the
crystal structure of the nanosheets is more disordered with
an increase in SC CO, pressure except for that of 16 MPa,
owing to a phase transition into the hexagonal phase for
MoO;_, (h-MoO;_,).** Moreover, from their corresponding
HRTEM images (Fig. 4b-d), it can be found that the atomic
arrangements are all more perfect than that of the MoO;_,
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Fig. 4 (a) XRD patterns comparison of the MoOs_, obtained at
different pressures, and XRD patterns at the bottom show a-MoOs3
(JCPDS No. 05-0508) and h-MoOs (JCPDS No. 21-0569); (b-d) HRTEM
images of the MoOs_, sample obtained at 10 MPa, 12 MPa, 16 MPa.
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obtained at 14 MPa. Among them, the lowest degree of
defects can be found for MoO;_, obtained at 10 MPa, which
indicates the SC CO, destroys the atomic arrangement under
high enough pressure conditions. Additionally, h-MoO;_,
with a (300) lattice distance of 0.30 nm for the 16 MPa
sample is observed clearly, which is agreeing with the XRD
results. In addition, the variation of atomic structures is also
analyzed by XPS. From the XPS spectrum analysis (Fig. 5),
compared to that of samples obtained at 14 MPa (14.9%), the
proportions of Mo>" for MoO;_, obtained at 10, 12 and 16
MPa are 5.2%, 9.2% and 14.6% respectively, which
demonstrates the introduction of more Mo®" with increase in
SC CO, pressure. It is known that the Mo®" ion has an
unpaired electron spin (i.e., Mo®": [Kr]4d"), so the presence of
the pentacoordinated [Mo>'Os] centers can also provide net
magnetic moments in addition to the introduction of the
oxygen vacancies in MoO3."°

In addition, the variation trend of the Mo®" component is
also partly reflected in their EPR spectra (Fig. 6a). It can be
observed that the unpaired electron spin signal strength of
Mo®>" in the samples becomes strong with the increase in
pressure, and 14 MPa is the strongest when compared. And
there are no obvious signal responses of oxygen vacancies for
these samples obtained at 10, 12 and 16 MPa, which could be
disadvantageous to ferromagnetic performance. Further, their
magnetic behaviors are also confirmed by M-H loop
measurements (Fig. 6b), and it shows a paramagnetic response
for crystalline MoO;, differing from the ferromagnetism of the
MoO;_, obtained at 12, 14 and 16 MPa.

It is concluded that both Mo®" and oxygen vacancies
contribute to the achievement of ferromagnetism, which can
be tuned by SC CO, pressure, because the bound magnetic
polarons could be formed via Mo®" coupling with the charged
oxygen vacancies.'® Meanwhile, the M, and M, reduce
remarkably for the sample at 16 MPa (Fig. S1t), which shows
the necessity of 2D structure. Moreover, there is less Mo®"
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Fig. 5 (a—c) XPS spectrum details of the Mo 3d binding energy regions
and (d) the varied percent of Mo®* for the MoOs_, sample obtained at
10 MPa, 12 MPa, 16 MPa.
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Fig. 6 (a) EPR spectra comparison of MoOs_, obtained at different
pressures; (b) magnetization hysteresis loop comparison of the

MoOs_, sample obtained at 12 MPa, 14 MPa, 16 MPa and crystalline
MoOs at 300 K.

and a weak ferromagnetic response for the MoO;_,
nanosheets obtained by sonication treatment without SC CO,
(Fig. S27). Therefore, through defect engineering by SC CO,,
the Mo®" can induce polarized spins, which is critical to the
magnetic properties for 2D molybdenum oxide materials.

3 Conclusions

In summary, a defect engineering strategy using SC CO, is
presented to endow nonmagnetic 2D materials with
ferromagnetic properties. The 2D MoO;_, nanosheets are
selected as a model, in which the introduction of moderate
Mo®" provides the MoO;_, nanosheets with ferromagnetic
behavior at room temperature, resulting from magnetic
polarons in defective regions. And the MoO;_, nanosheets
exhibit a large saturation magnetization (0.01 emu g™') and Tc
(>380 K). Moreover, SC CO, can tune the magnetic properties
achieving enhancement of ferromagnetic
performance with increasing supercritical CO, pressure below
the phase transformation pressure, and 14 MPa is the
optimum pressure. Undoubtedly, the strategy is feasible to
stimulate the ferromagnetic characteristics of other kinds of
2D materials for more capabilities and higher performances
of spintronics devices in complex magnetic environments.

continuous

4 Experimental section
4.1 Materials and methods

4.1.1 Materials. MoS, powder was purchased from Sigma-
Aldrich (Fluka, product number 69860). Analytical grade
ethanol was provided by Sinopharm Chemical Reagent Co.,
Ltd. All were directly used owing to their analytical grade.
CO, with a purity of 99.99% was purchased from the
Zhengzhou Shuangyang Gas Co. Deionized water was
prepared with double-distilled water.

4.1.2 Preparation of MoO;_, nanosheets. MoS, powder
(100 mg) was first annealed at 623 K for 90 min in the air.
The obtained MoO; was dispersed in a 45% ethanol/water
mixture (10 mL) and subsequently was sonicated for 1 h in a
water bath (equipment power: 200 W), forming a uniform
black dispersion. Then the dispersion was quickly
transferred into the supercritical CO, apparatus composed

Ind. Chem. Mater., 2023, 1,140-145 | 143
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mainly of a stainless-steel autoclave with a heating jacket
and a temperature controller. The autoclave was heated to
353 K, and then CO, was charged into reactor to the set
pressure (e.g. 10, 12, 14 and 16 MPa). The autoclave was
maintained at 353 K for 3 h and then cooled to room
temperature. The dispersion was centrifuged at 6000 rpm for
15 min to remove aggregates, and the supernatant was
collected. Then the solution was dried in an oven at a
constant temperature of 333 K.

4.1.3 Characterization. TEM images were obtained on a
JEOL JEM 2100F transmission electron microscope at an
acceleration voltage of 200 kV. The XRD patterns were
examined using a Bruker D8 Advance diffractometer using
germanium monochromatic CuKo radiation (40 kV and 40
mA). The thickness of the nanosheets was measured using
AFM (NanoManVS). Raman spectra of the samples were
measured using a LabRAM HR Evolution with 532 nm laser
excitation. XPS measurements were performed on a Thermo
ESCALAB 250XI platform. Magnetic properties were
characterized using a superconducting quantum interference
device (SQUID)-magnetic property measurement system
(MPMS)-3. UV-vis-NIR spectroscopy was carried out with a
Shimadzu UV-240/PC. The PL spectra were recorded at room
temperature on a Hitachi F-4500 spectrophotometer.
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